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Abstract

We propose to measure the parity-violating asymmetry A, of the correlation between the direc-
tion of emission of the gamma ray 757 and the neutron polarization &, in the reaction 7+ p — d + 7.
This asymmetry is expected to be ~ 5 x 1078, We argue that it is possible to obtain a statistical
uncertainty of 0.5 x 1078 at LANSCE. We argue that systematic errors are expected to be small
compared to the statistical error. The symmetries of the strong, weak, and electromagnetic inter-
actions imply that A, is determined by the Al =1 part of the weak interaction. The sensitivity of
the deuteron wave function to the long-range components of the NN interaction implies that A, is
dominated by the longest-range AT = 1 contribution, which is due to weak pion exchange. The asym-
metry, A,, can therefore be related to the weak isovector pion-nucleon-nucleon coupling, H}, with
negligible uncertainty due to nuclear structure. (We use the definition of the weak nucleon-nucleon
couplings of Adelberger and Haxton [1].) We will determine H! with an uncertainty of 1.0 x 1077,
10% of its expected value, 1.1 x 1076, At present there are two experiments; gamma ray circular
polarization for 18F (H! < 0.3 x 107%) and the anapole moment of *3Cs (H! = 2.4 £ 0.6 x 1079)
that have been interpreted to give very different values of H..

There are three physics goals that this measurement addresses, matched to three different energy
regimes. A measurement of H! to the proposed accuracy will fix its value, thereby resolving the
current controversy. We outline a feasible and partially complete program of measurements that
will over-constrain the weak NN couplings. Completion of this program will finally allow parity
violation measurements to be used to address questions in nuclear physics. A reliable measurement
of H! is an essential part of an experimental program to over-determine the weak NN couplings
and thereby test the internal consistency of the meson-exchange picture of the weak NN interaction.
Such a test of the meson exchange picture has the potential to tell us something new about low
energy QCD, especially if the meson picture fails. Finally, since the AT = 1 flavor-conserving weak
NN interaction is dominated by quark-quark neutral currents at the electroweak scale, we can learn
how the effective strength of quark-quark neutral currents is modified by QCD.
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1 Introduction

The hadronic weak interaction manifests itself in parity-violating phenomena both in the two-nucleon
system and in nuclei. A parity-violating signal is necessary to isolate experimentally the hadronic
weak interaction (which does not conserve parity) from the much larger effects of the strong and
electromagnetic interactions (which conserve parity). The weak interaction between nucleons in a
nucleus was first observed in experiments on low energy polarized neutron capture in 1964 [2]. Since
the pioneering experiments of Abov, parity-violating phenomena in nuclei have been extensively
studied experimentally. Parity-violating alpha transitions, parity-violating circular y-ray polariza-
tions, parity-violating asymmetries from polarized nuclei, and most recently anapole moments of
nuclear ground states have been observed and measured with good precision.

Although a theoretical framework (the weak meson-exchange potential) has been developed, the
theoretical understanding of weak interactions in nuclei has not kept pace with experiment. In
particular:

1. The weak couplings that give the spin, isospin, position, and momentum dependence of the
potential have not yet been determined.

2. The validity of the description of the weak interaction in nuclei using a meson-exchange po-
tential model has not been established.

3. A quantitative description of many measured parity-violating observables does not exist.

The determination of the weak meson-exchange couplings from measurements in nuclei has been
difficult because the observables depend on the nuclear wave functions of the states involved in either
transitions or moments. These wave functions can not be exactly calculated, except in few-nucleon
systems. Measurements of parity violation have been made in the two-nucleon pp system, where
nuclear structure does not effect the interpretation. However, as discussed below, these observables
depend upon the weak p and w couplings. In order to unambiguously determine the long-range
AT =1 component of the weak interaction carried by the pion, measurements in the np system are
required.

The aim of the present proposal is to determine experimentally the most important of the cou-
plings in the weak meson exchange potential, the weak pion-nucleon coupling Hl. As in the pp
system, there will be no ambiguity in the interpretation of the result arising from nuclear structure.
We will measure the parity-violating directional correlation A, between the spin direction of po-
larized neutrons and the «-ray direction in the reaction @ + p — d + . The observed asymmetry
depends on only one of the couplings, the AT = 1 pion coupling H}, and therefore the lack of knowl-
edge of the other couplings does not affect the determination of H!. The weak exchange of the ,
which is the lightest meson, contributes the longest-range component to the weak meson-exchange
potential. In addition, the weak exchange of the pion contributes only to the Al =1 channel.

The determination of H} is important for several reasons:

1. A knowledge of H! is necessary to understand and interpret measurements of parity-violating
observables in complex nuclei. For example, we discuss below a controversy concerning the
interpretation of the measured anapole moment of 13Cs involving the value of H!.

2. The knowledge of H! is an essential part of a program of measurements in two-nucleon systems
to determine a complete set of the couplings in the weak meson-exchange potential. Such a
program is both feasible, and partially complete.



3. In fact enough measurements in the two-nucleon system are possible to over constrain the
weak meson-exchange couplings and test the validity of the meson exchange description of the
weak force between nucleons. Once the weak meson-exchange potential has been established
by measurements in two-nucleon systems, the interpretation of parity-violating phenomena in
finite nuclei will be reduced to understanding the nuclear structure of the states involved.

4. A knowledge of H} will stimulate theoretical work to calculate H} starting from the standard-
model description of weak interactions and a QCD description of the strong interactions.

1.1 Discussion of Mass Scales of the Weak Interactions

During the same period that parity-violating phenomena were being investigated in nuclei, there
was rapid progress in experiments and theory studying weak interactions and decays of particles.
As quarks were discovered and the electroweak theory was developed to explain leptonic and semi-
leptonic weak processes and predict neutral weak currents, the parameters describing the weak
interactions of quarks were fixed. W+ and Z° boson production experiments at LEP and Fermilab
verified that the strengths of ggWW* and qqZ° weak couplings could be described by the standard
model [3, 4, 5, 6, 7].

The challenge now is to connect the standard model description of the hadronic weak interaction
across mass scales. These mass scales range from 100 GeV to the spacing of nuclear levels, 1 MeV.
At the highest mass scale, that appropriate for the weak interactions of point-like leptons, QCD
effects are small and the quark-quark weak interaction effects can be calculated. At lower mass
scales, the appropriate degrees of freedom become composite and the role of the strong interaction
becomes crucial. In order to put the problem of the weak interactions between nucleons in context
we will briefly discuss these mass scales.

The largest mass scale is that of the mass of the gauge bosons of the weak interaction, the W*
and the Z° = 100 GeV. The standard model is thought to very accurately describe the weak
interactions of point-like leptons; electrons, muons, taus, and their neutrinos. The leptons couple to
their neutrinos with a universal V — A weak coupling. The decay of a p~

B —e +Ve+ty,

is typical of this class of decays and interactions. (See figure 1.) A small number of parameters, the
Weinberg angle, the gauge boson, lepton, and neutrino masses, the neutrino mixing angles, and «,
must be determined experimentally.

For large momentum transfer (> 1 GeV) the weak interactions of quarks, such as dilepton
production in pp scattering (see figure 2), is calculable using next-to-leading order QCD corrections
to standard electroweak theory. The weak interactions of quarks are more complex than those of
leptons. Linear combinations of quark fields, rather than the quark fields themselves, couple to the
weak gauge bosons. In contrast to the lepton flavor, quark flavor is not conserved. In addition
to the quark masses, the quark mixing angles (CKM matrix elements) must be determined from
experiment.

The mass scale of bound systems of quarks such as nucleons and mesons is less than the QCD
mass scale of A = 1 GeV. The simplest weak interactions of hadrons are their semi-leptonic decays.
An example is neutron beta decay,

n—p+e +U,



Figure 1: Decay of the = through the leptonic weak interaction.

p: d u e

Figure 2: Dilepton production in pp scattering.



shown in figure 3. The strong interactions of quarks, through gluon exchange, modify semi-leptonic
decay rates from the values that would be expected in their absence. For example, the magnitude of
the axial vector coupling constant G 4 in neutron beta decay is 30% larger than the vector coupling
constant Gy .

Figure 3: Decay of the neutron through the semi-leptonic weak interaction.

Just like purely leptonic and semi-leptonic weak interactions, purely hadronic weak interaction
between nucleons can be mediated by the exchange of the W* and Z° bosons. At momentum
transfers typical of nucleon-nucleon or nuclear interactions, ~ 300 MeV, the appropriate degrees of
freedom are meson and nucleons. The range of the W=+ and Z° is ~ 0.02 fm, much shorter than the
distance between nucleons. The hard-core repulsion in the NN interaction keeps the nucleons much
farther apart than the range of the weak gauge bosons. The long-range weak force between nucleons
is mediated by the exchange of light mesons. As shown in figure 4, a weak gauge boson, is emitted
by a quark, travels a short distance, and changes into a 7, p, or w, which then couples strongly
to another nucleon. As in the case of semi-leptonic decays, the coupling strengths are modified by
strong interactions of the bound quarks.

N W w\d ) ’ dop

dn

Figure 4: Neutron-proton scattering, mediated by the hadronic weak interaction.



The above description of parity-violating phenomena in nuclei has taken as its starting point the
weak meson-exchange potential model described by figure 5. The degrees of freedom are nucleons
and mesons. The exchanged weak gauge boson has been collapsed into a weak meson-nucleon vertex.
The weak interaction can change isospin and therefore isospin is not conserved at the weak vertex.
The other vertex describes the the strong interaction of mesons and nucleons and the couplings
are known experimentally. Because QCD has not been solved for bound systems, the weak meson-
nucleon couplings H NAI must be determined from experiment. The weak meson-exchange potential

Vpne has the form
Vone= > > HMMVM (1)
p=m,p,w AI=0,1,2

where V.. is a linear combination of terms each involving the exchange of a 7, p, or w meson with
a second index describing the isospin exchanged in the weak interaction. For example the AT =1
pion potential has the following form:

)

Vi = — 71 x R, (61 + G2) - Gn (), (2)
where m is the nucleon mass,
. . e MxT
iy () = [P; W] ) (3)

m, is the pion mass, ¥ = 7y — 72, and § = p; — pa- The Yukawa function in 4, (7) (and the weak
potentials for the other mesons) gives the dependence of V! on the separation of the two interacting
nucleons. The range of V! is longer than that of the other weak meson potentials.

The parity-violating nucleon-nucleon interaction is much weaker than the strong nucleon-nucleon
interaction. Theories of parity violating phenomena in nuclei start with solutions of the strong,
parity-conserving, nuclear Hamiltonian ¢ and admix parity-odd components ¢ treating the two-
body weak meson-exchange potential as a perturbation.

P (9| Vone|9)
v =9+ #Cﬁ- (4)

An observable such as a nuclear anapole moment a can be expressed as a matrix element of the
corresponding operator:
_ el s ot
a=—('|x 7Y), (5)
m
where e is the quantum of charge and p is the magnetic moment of the unpaired nucleon. If the
observable involves a transition between states, the initial and final states would be different. It is
evident that each parity-violating observable is given by a linear combination of the weak meson-
nucleon couplings times matrix elements of operators between nuclear states. For the two-body
system the wave functions are known, the matrix elements can be reliably calculated, and the
relationship between observables and the couplings is unambiguous. For more than a few bodies
the nuclear wave functions can not be exactly calculated and the expressions for parity-violating
observables are uncertain for two reasons: the couplings are not known and the nuclear matrix
elements can not be reliably calculated.
The strategy of the present proposal is to overcome the problem of imperfect knowledge of the
nuclear wave function by experimentally determining a parity-violating observable in the two-body
system. We propose to measure the directional asymmetry of the direction of emission of the y-ray
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Figure 5: Meson-exchange model of the hadronic weak interaction.

when a polarized neutron is captured on a proton, i+p — d+7. We show below that this observable
is uniquely related to the longest range and most important of the weak meson-nucleon couplings,
H!. The bulk of the proposal describes an experiment that will determine H! with a statistical
accuracy of 10% of its expected value and with systematic errors much less than statistical errors.

The remainder of the introduction is organized as follows. We briefly discuss what is known
experimentally about H! and other weak meson-nucleon couplings. We outline a strategy of how to
experimentally determine the weak meson-nucleon couplings in two-body systems. Indeed enough
two-body experiments are either underway or possible to over-constrain the weak meson-exchange
couplings and test the applicability of the weak meson-exchange potential to the description of
parity-violating phenomena in nuclei. Once the weak meson-exchange potential is determined and
established, it can be used as the starting point for the description of parity-violating phenomena
in A > 3 nuclei. We next discuss theories that seek to relate H! to the next higher mass scale.
These theories seek to describe or predict the values of the weak meson-exchange couplings starting
from a pictures of mesons and nucleons as made up of quarks and interaction through the exchange
of gluons, QCD. We conclude the introduction by discussing the expression for the directional
asymmetry in 77 + p — d + 7y in terms of the weak couplings.

1.2 Status of Our Knowledge of the Weak Meson-Nucleon Couplings
1.2.1 Theoretical Estimates of the Sizes of the Weak Meson-Exchange Couplings

The order of magnitude of the weak NN couplings (5 x 10~7) can be estimated on dimensional
grounds as the product of the average momentum of nucleons in the nucleus (0.2 GeV/c) and the
weak coupling (Gr/(hc)® = 1.16 x 10° GeV~2). The most systematic theoretical analysis of this
approach to describing the weak NN interaction is given in a review by Desplanques, Donoghue,
and Holstein (DDH) [8]. These authors used the non-relativistic quark model, PCAC, weak SU(6)
symmetry, current algebra, and strong SU(3) symmetry to relate known AS = 1 hyperon decay am-
plitudes to the weak meson-nucleon-nucleon couplings. There are considerable model dependencies
in these estimates arising from the difficulties in treating strong interaction effects. These authors
produced “best” estimates and “reasonable ranges” for the couplings, given in table 1. Desplanques



has recently revised the “reasonable range” for H} [9]. DDH considered exchanges of the three light-
est mesons, 7, p, and w. There are seven possible couplings that are labeled according to the meson
exchanged and the isospin exchanged AT at the vertex. Adelberger and Haxton [1] give expressions
for parity-violating observables in their review.

Exchanged Meson Coupling AI “Best Value” (107%) “Reasonable Range” (1079)

7r H! 1 1.08 0.0-2.71
p HY 0 1.59 ~1.59-4.29
p H! 1 0.03 0.0-0.053
p H? 2 1.33 —1.06-1.54
p H', 1 0.00 none

w HY 0 0.80 —2.39-4.29
w H} 1 0.48 0.32-0.80

Table 1: Estimated weak meson-nucleon couplings from ref. [1].

It is evident that if the couplings H/} and H' /1, satisfy the bounds given in table 1, they will play
a negligible role in determining the outcomes of experiments. In what follows we concentrate on the
remaining 5 couplings.

1.2.2 What We Know from Experiments

Experiments in the pp System An extensive program of high-quality experiments has been
carried out to measure the parity-violating longitudinal asymmetry A, in the scattering of polarized
protons from unpolarized protons at 15 and 45 MeV. These experiments show the predicted energy
dependence of the longitudinal asymmetry. The experiments determine a linear combination of weak
couplings, for example at 45 MeV A, is given by

A = ~0.053 (HY + H2/VE) — 0.016 (H + H}), (6)

to an accuracy of 10%.

Experiments in the np System Measurements have been made in np capture of both the
directional asymmetry A, and circular polarization P, of the emitted y-rays. Both experiments were
statistically limited, and yielded null results. In the first case, Caviagnac, et al. [10] report a value of
A, =0.6+2.1x 1077, which gives for the AT =1 weak pion coupling H} = —1.3+4.7 x 1079 (see
equation 20). In the second case, Knyaz’kov, et al. [11] report a value of P, = 1.84+1.8 x 10~7, which
gives for the combination of the AT = 0 and 2 weak rho couplings H) + 2Hp2/\/6 =82+82x10"6
(see equation 12). The inverse reaction, deuteron photo-disintegration by circularly polarized y-rays,
has been measured by Earle, et al. [12], who also report a null result. These experimental limits
are less stringent than the “reasonable ranges” given in table 1. Clearly, experiments with improved
statistical precision are required.



Measurement of P, from !8F and its Interpretation The determination of the weak meson-
nucleon exchange couplings from experimental measurements in nuclei are discussed in the review by
Adelberger and Haxton[1]. There are substantial uncertainties in interpreting most experiments in
nuclei because one cannot make reliable ab initio calculations of the amplitudes of the weak meson-
nucleon exchange potential operators. The circular polarization P, of the 1081 keV transition in '*F
is an exception to this unfortunate situation because the matrix elements needed to extract a value
for H! from experiments can be measured. The circular polarization of a AI = 1 parity forbidden
gamma, transition in 18F has been measured in five different and internally consistent experiments
(references given in [1]). To a good approximation the circular polarization is due to the parity-
violating mixing between the J = 0, I = 0 parity-odd level (|—)) in ¥F and the nearly degenerate
J = 0, even-parity, I = 1 level (|4+)). The circular polarization is given by:

i <+|V;-Dnc|_)<gS|M1|+)

Py=xE (gs|E1]—) ' ™

The magnitudes of the M1 and E1 transition amplitudes and the energy splitting AE = 39 keV
between the levels are known experimentally. Bennet, Lowry, and Krien [13] and Haxton [14] pointed
out that the unknown amplitude, (+|Vpnc|—), could be related to the lifetime of the first forbidden
beta decay between isobaric analog states of |+) and |—) in 18Ne. For beta transitions between
opposite parity J = 0 levels, spin and parity selection rules exclude all but two of the six possible
transition amplitudes. One of these vanishes in the long wavelength limit leaving only the Mg,
amplitude. Haxton uses PCAC, current algebra, and the approximation that the neutron and proton
densities are the same for the A = 18 system to argue that the two-body part of M, renormalizes
the one-body part and that the operator for the weak nucleon-nucleon potential due to pion exchange
is to within a known constant an isospin rotation of the operator for M§,. Haxton estimates the
contributions of heavy mesons as a 5% correction to the pion term. Since the experimental value of
the asymmetry, P, = 839 10~%, is consistent with zero, an upper limit for H} results. Adelberger
and Haxton find H: < 0.35 x 106, This value is a fraction of the DDH “best” value and is an order
of magnitude smaller than the “reasonable range”. This result has been interpreted as evidence
for (unexpected) suppression of quark-quark neutral currents. Haxton’s arguments, outlined above,
appear sound. The comparison of H} from ®F and H} from 7 +p — d+ will test the applicability
of the weak meson-exchange potential to weak phenomena in A > 3 nuclei.

Measurements of the Anapole Moments 133Cs and 2°5T1 and their Interpretation Re-
cently, the anapole moments of nuclear ground states have been observed using laser spectroscopy
on atomic beams. These measurements have observed, for the first time, a static moment of a nu-
cleus that is forbidden by parity. Although in its infancy, the experimental study of nuclear anapole
moments is potentially important to the understanding of the weak interaction in nuclei because
nuclear anapole moments can be measured in many nuclei and their systematic behavior established.
Knowledge of systematics can then be used to check the correctness of the models used to determine
the nuclear wave functions.
The anapole moment operator [15] is a parity-odd rank one tensor and is given by

a= —W/TQﬂT) dr, (8)

where 7{r) is the electromagnetic current density operator. The anapole moment has an expectation
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value of zero for states of definite parity. The size of the anapole moment is given by the dimensionless
constant k., whose value is thought to be theoretically stable for three reasons:

1. The anapole moment of a nuclear state is a diagonal matrix element, in contrast to a transition
matrix element.

2. The nuclear wave function can be constrained by the measured magnetic moment of the state.
The single-particle estimate is pg, = 1.72 for 133Cs and p,;, = 2.79 for 20°T1 (see, for example,
[16]). By comparison, the experimental values are peyp = 2.58 and pe,p = 1.64, respectively.
The rough agreement between the single-particle estimates and experimental values of the
magnetic moments justifies the theoretical approach to anapole moments of starting from
single-particle estimates and then adding many-body effects as corrections. Information on
the spatial distribution of the electromagnetic current can be obtained from the magnetic
hyperfine anomaly. This information can be used to constrain the wave function.

3. The contribution to anapole moment of the spin of the odd proton (neutron) can be estimated
analytically and gives results close to those from full many-body calculations! [17].

The estimate of the one-body part of the anapole moment is similar to the calculation of the
contribution of the spin of the unpaired nucleon to the magnetic moment of a nucleus. The analytical
estimate [18] gives a value in rough agreement with detailed nuclear structure calculations by Haxton
[19], Haxton, Henley, and Musolf [20], Flambaum and Murray [21], and Dmitriev and Telitsin [17].
The latter is the most recent calculation and includes the effects of spin, spin-orbit, convection, and
contact currents, many-body corrections, and RPA re-normalization of the weak interaction addition
to the single-particle weak interaction.

The non-zero measurement of the anapole moment of 13Cs [22] has been analyzed by Flambaum
and Murray [21] to extract a value for H!. Their result, H. = 2.26 + 0.50(expt)+0.83(theor)x 106
is a factor of two larger than the DDH value and a factor of seven larger than the upper limit set by
the 18F experiments. Their analysis, however, is controversial for two reasons [23]. First, the 133Cs
anapole moment is almost as sensitive to H} as to H}. Wilburn and Bowman find

Ka & 1.05 x 10° (H: + 0.69H)) . 9)

Because of this sensitivity, and because of the lack of model-independent constraints on Hg, it is
possible to extract values of the two couplings that agree with both experiments. Secondly, the
result from 1%3Cs are inconsistent with an earlier null measurement of the anapole moment of 2°°Tl
[24]. The situation is summarized in figure 6. This result suggests that nuclear structure effects that
are not included in the theory may be important in interpreting the measurements, assuming both
measurements are correct.

The present controversy concerning the interpretation of measured nuclear anapole moments
highlights the need to determine the weak couplings from experiments in few-nucleon systems whose
interpretation is free from uncertainties in nuclear structure and demonstrates the nuclear physics
that can be learned. If the weak meson-nucleon couplings were known, the present controversy
could be more definitively addressed. One would calculate the values of the anapole moments using
the measured values of the couplings from few-nucleon experiments; if the measured values of the
anapole moments disagreed with these predictions, the problem would lie with the measurements,
the nuclear theory, or the applicability of the meson-exchange model to nuclei.

IDmitriev and Telitsin find that a naive harmonic oscillator model gives results that agree with their full calculation
to within 10%.

11
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10°x H

Figure 6: Weak coupling constants H, and H} extracted from the '*F (light band), **>T1 (medium
band), and 133Cs (dark band) experiments. Also shown are the DDH “best” values (square) and
“reasonable range” (box).

1.3 Strategy to Determine the Couplings from Two-Nucleon Experiments

The purpose of the present proposal is to determine the most important coupling, H:. This deter-
mination of H}, free from any uncertainties arising from nuclear structure, will be the cornerstone
of any effort to determine a complete set of couplings. In the expressions for most experimental
observables, H} occurs in combination with others. It is therefore highly desirable to develop an
experimental program to determine the other couplings.

As discussed in section 1.2.2, the PSI measurement of A, in pp scattering at 45 MeV is given by
a linear combination of HY, Hy, H), and H]:

A, = =0.053 (HY + H2/V/E) = 0.016 (H) + HY) (10)

An experiment in progress at TRIUMF [25] to measure A, at 221 MeV is sensitive to only the p
couplings:
4. =0.028 (HY + H2/E) (11)

The low energy pp experiment and the TRIUMF experiment will determine the linear combination
of w couplings H) + H) and the linear combination of p couplings HY + H?/+/6. One further
experiment is necessary to separate the two p couplings.

The problem of separately determining the weak p couplings could be resolved by measuring the
circular polarization P, of the gammas emitted in the 7 + p — d +  reaction. This observable is
primarily sensitive to the AT = 0 and 2 p couplings [1]:

P, = 0.022H) + 0.043H2//6 — 0.002H). (12)

The combination of this measurement and the TRIUMF pp measurement would then independently
determine HS and Hz. In practice, it is experimentally easier to measure the inverse reaction, the
directional asymmetry in the photo-disintegration of the deuteron by circularly polarized photons,
due to the low efliciency of y-ray polarization analyzers. As in the case of A, existing measurements
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of P, (or of the inverse reaction) [26, 11, 12] are not of sufficient precision to accomplish this task.
With the availability of very intense gamma beams from Compton back-scattering using free electron
lasers [27], a more precise measurement of the deuteron photo-disintegration asymmetry is possible
and should be pursued.

Finally, there is another observable in the np system that is primarily sensitive to H}: the parity-
violating spin rotation of transversely polarized neutrons in a liquid para-hydrogen target. There
is a theoretical calculation for the low-energy neutron spin rotation angle ¢pnyc per unit length in
para-hydrogen [28]

¢pnc = —1.31H; —0.23H) — 0.25H, — 0.23H), (13)

in units of radians per meter, which implies that this observable is also primarily sensitive to H..
An experimental sensitivity of about 2 x 1076 radians per meter would be required to see this effect
for the DDH value of H!. The sensitivity goal for a similar experiment in progress to search for
parity violating neutron spin rotation in helium is 1 x 10~7 radians per meter [29]. An experiment
to measure the longitudinal asymmetry A, in np scattering at neutron energies of tens of MeV is
also possible. This observable is sensitive to H! and other couplings. A theoretical calculation of
this observable is in progress [30]. With the addition of these two experiments, we begin to be able
to over constrain the weak couplings and test the internal consistency of the meson exchange picture
of the weak NN interaction.

1.4 Calculations of H}

The estimate of H! from the quark model and weak SU(6) symmetry have been discussed above.
The revised estimate of the “reasonable range” by Desplanques is: 0 < Hl < 0.6 x 10~¢ down
from 0 < H} < 1.1 x 1079 by Desplanques, Donoghue, and Holstein. Recently, Henley, Hwang, and
Kisslinger [31] have carried out QCD sum rule calculations of H.. These calculations include the
effects of gluon exchange that are absent in earlier quark model calculations. Henley et al. make the
approximation that there are no strange quarks in the nucleon or charged pion. There are therefore
no contributions to H? from W exchange [32]. In any case, the contributions of charged currents
would be Cabbibo suppressed if strange quarks were included. The calculation of Henley et al. adds
70 exchange to the diagrams involved in the strong interaction of the pion and the nucleon. Non-
perturbative effects are described by the polarizability of a pion condensate in both the calculation
of the strong pion-nucleon-nucleon coupling, g,nn, and the weak meson-nucleon-nucleon coupling,
H!. Henley et al. fit the polarizability of the pion condensate to the experimental value of gy n-
This procedure leads to a prediction of a small value of H: = 0.5 x 1077, about half the error
expected from the proposed measurement.

Kaplan and Savage present a contrary view concerning the role of strangeness [33]. They estimate
H} and other parity-violating couplings in the framework of pion chiral perturbation theory. They
explicitly consider the strange and anti-strange sea quark component of the nucleon wave function.
Kaplan and Savage estimate that the contribution of strange components of the nucleon to H}
may be as large as 1.4 x 107%. They argue multi-pion exchange may invalidate the conclusion that
the '®F experiment can be interpreted as a measurement of H.. Kaplan and Savage give a large
theoretical uncertainty in these estimates. The quark model and QCD calculations favor small
values of H!. The chiral perturbation theory estimates suggest the possibility that H! may be large
due to strangeness, but the uncertainty in these estimates is large. An experiment that provides a
statistically accurate value of H! with small systematic and theoretical errors will challenge theories
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that attempt to evaluate H! and will stimulate work in the calculation of the modification of weak
interactions between quarks in the non-perturbative regime.

1.5 Symmetry Considerations for i +p — d + v

It is worth understanding the reasons why the parity-violating gamma asymmetry, A, in the reaction
i+p — d+y is primarily sensitive to only the AI = 1 component of the weak interaction. First of all,
due to the large size of the deuteron only the longest-range components of the NN interaction (due
to 7 and p exchange) are important in this reaction. From the non-relativistic weak NN potential,
weak 7 exchange is Al = 1 and weak p exchange is mainly Al =0 and Al = 2.

Now consider the possible electromagnetic transitions in the 7@ + p — d +  reaction. For low-
energy neutrons, we will consider only L = 0 and L = 1 capture and reaction channels. Without
parity violation, the channels for the initial state are |1SO, I= 1>i and |351, I= 0>Z. and the final state
channel for the (J™,I) = (1+,0) deuteron is [351,1 = 0) , (ignoring the small tensor component in
the deuteron). The weak interaction mixes in the following L = 1 components to the singlet and
triplet S-waves in both the initial and final states:

"So, I =1), — |"So, I =1), + fo |’Po, I = 1) (14)

’i’
%51, I =0), — |?51,1 =0), + go |'"P1, I =0), + g1 [’P1, I = 1), (15)
1°S1, I =0),, — °S1,I =0),, +ho |'"P,I=0), +h [°P, I =1) , (16)

where the fr, gr and hj terms are the amplitudes of the small weak interaction-induced admixtures
with isospin change I. If one now writes down the matrix elements of the electromagnetic interaction,
keeping only the lowest order multipoles consistent with parity conservation in the electromagnetic
interaction and with isospin selection rules that forbid E1 transitions in self-conjugate nuclei like
the deuteron, one obtains the parity conserving term (M 1|<351,I = 0| D Hem|1S0,I = 1> and the
parity violating terms

fo(B1(S1,1 = 0| ) Hom [P, I = 1), (17)
o (E1[(*51,1 = 0, Hon'PLT = 1), (18)
h(E1| (P, T = 1|, Hem|’S1, 1 = 0). (19)

Finally, since a gamma asymmetry cannot be produced from a J = 0 initial state, we are left
with only a Al = 1 contribution to parity violation in the gamma asymmetry. There are small
corrections to this argument from isospin violation, higher-order multipole contributions, relativistic
effects etc. but the main result survives a more exact treatment. This result was first obtained by
Danilov [34].

There are two calculations of A, as a function of the weak couplings. Adelberger and Haxton
[1] find:

Ay = —0.045 (H} - 0.02H} + 0.02H}, + 0.04H", ) . (20)

The contributions of the non-pion couplings are estimated by taking the DDH upper limits Hf} =
5x 1078 and H! = 8 x 10~ 7. Desplanques and Missimer, who use H} and weak nucleon-nucleon
amplitudes X to parameterize the weak nucleon-nucleon interaction [35], find:

A, =-0.045 (Hy +0.11X}, —0.11X, ). (21)
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The X’s are linear combinations of the AI = 1 meson exchange couplings other than H!. These
calculations of A, agree on the coefficient of H} and both find the contributions from other mesons
to be small. An accurate measurement of A, is therefore an accurate measurement of Hx.

1.6 Role of the hadronic weak interaction in the study of the weak inter-
action

The study of parity violation in nuclei has played an important role in the development of our
understanding of the weak interaction. The current-current hypothesis for the form of the weak
interaction implies that parity admixture in nuclear wave functions would be first order in the Fermi
coupling G, while the four-Fermion form of the weak interaction implies second-order admixtures.
The observation of circular polarization in a gamma transition in '8! Ta, P, ~ 107, by Lobashov,
et al. [36, 37] gave strong support to the current-current hypothesis.

1.7 Search for New Weak Neutral Gauge Bosons

As the search for weak neutral currents was being pursued, it was recognized that the hadronic
weak interaction might be a good place to search for and study weak neutral currents. In contrast to
charged currents the contributions of weak neutral currents to the Al = 1 hadronic weak interaction
are not Cabibbo suppressed. The AT = 1 pion coupling might be strongly influenced by weak neutral
currents; in the language of the standard model Z° exchange. As discussed above, the ggZ° has been
measured in large momentum transfer experiments. The existence of the ggZ° coupling implies the
existence of a weak neutral current contribution to the weak nucleon-nucleon interaction, according
to figure 3. The standard model is widely believed to be incomplete. If in addition to the Z° of the
standard model, there exist other gauge bosons that couple to quarks and do not decay into leptons,
these additional Z°’s would also contribute to H:, but would not be observed in other processes.
The role of the hadronic weak interaction as a direct probe of weak neutral currents is emphasized
by Adelberger and Haxton [1]. However, we note that, the bound QCD problem has not yet been
solved and there is considerable uncertainties in calculations of H} from the weak neutral current
of the standard model. Until such calculations are possible only very large effects of additional Z%’s
will be detectable in H}.

1.8 Summary

The experiment to measure the directional asymmetry of gammas A, in 7 + p — d + -y and extract
a value of H} is of great interest for the following reasons:

1. We will show in section 3 that the experiment will measure the asymmetry with a statistical
error of 0.5 x 107® and a negligible systematic error. A measurement of A, to this precision
allows interesting conclusions to be drawn concerning H_..

2. There is no nuclear structure uncertainty in the relationship between H} and the asymmetry.
The uncertainty in the extracted value of H! will be small, 10% of the DDH theoretical
estimate, given in table 1. There will be no uncertainties due to experimental systematic
errors or nuclear structure. To a good approximation the asymmetry depends only on H}.
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3. An unambiguous value for H! will test theories of the weak interaction of hadrons in the
non-perturbative regime and stimulate theoretical work in this area.

4. An unambiguous measurement will settle any controversy raised by the 133Cs anapole moment
and 18F circular polarization results and their interpretation. The comparison of H} from
fi+p—d+~and H! from 18F will test the applicability of the meson-exchange potential to
A > 3 systems.

5. The determination of H! is the cornerstone of a feasible and partially complete program to over-
constrain the weak NN couplings from parity-violating phenomena in the exactly calculable
two-nucleon system.

6. The study of parity violation in the nucleon-nucleon interactions remains the only experimental
means to directly study the weak neutral current interaction between quarks.

2 Advantages of LANSCE

LANSCE is uniquely suited as a site for this measurement. LANSCE has the only intense pulsed
neutron source available for nuclear physics research and Los Alamos has a scientific staff that is
unusually well qualified for this experiment.

When the upgrades currently in progress are complete, the Lujan Center spallation source will
be the highest flux pulsed source in the world, equaling ISIS in average flux and exceeding it in
peak flux. As noted throughout this proposal, there are compelling reasons for carrying out this
experiment at a pulsed neutron source. Specific examples include:

e the pulsed nature of the beam provides neutron time-of-flight information, allowing determi-
nation of the neutron energy,

e systematic effects can be studied by their differing time-of-flight behaviors,

e the pulsed beam allows the use of a resonant RF spin flipper, eliminating the ji - VB force on
the neutrons,

e the ratio of gammas to neutrons is lower than at a reactor, and
e the prompt gamma background is separated in time from the neutrons of interest.

Not only does LANSCE provide the most intense such source, it is the only intense pulsed neutron
facility at which proposals for nuclear physics experiments are entertained.

The Los Alamos staff associated with this effort is uniquely qualified to carry out the proposed
work. The principal investigator, David Bowman is a world expert in precise parity violation ex-
periments. He has measured parity violation in the nucleon-nucleon system as well as in neutron
resonances with pulsed neutrons. Steve Lamoreaux and Geoff Greene have between them more than
three decades of experience in a wide variety of precise measurements with cold neutrons. Seppo
Penttild has extensive experience in measurements of fundamental symmetries and is a world expert
in cryogenic techniques for nuclear physics experiments. Scott Wilburn has participated in precise
parity violation experiments using charged particles. Vincent Yuan has extensive experience with
pulsed neutron experiments. In addition, as can be seen in appendix C, the rest of the collaboration
is extremely experienced in studies of fundamental symmetries with low-energy neutrons.
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3 Description of the Proposed Experiment

In this section we describe the conceptual design for the proposed measurement of A, in @+p — d+.
The apparatus, shown schematically in figure 7, consists of a cold neutron source, followed by a
neutron polarizer, and a liquid para-hydrogen target, surrounded by an array of gamma detectors.
Neutrons from the spallation source are moderated by a liquid hydrogen moderator. The source is
pulsed, thus allowing measurement of neutron energy through time-of-flight techniques. The neutron
guide transports the neutrons from the moderator through the biological shield with high efficiency.
The neutrons are then polarized in the vertical direction by transmission through polarized 3He
gas. The neutron spin direction can be subsequently reversed by the radio-frequency resonance spin
flipper. The use of this type of a spin flipper is possible at a pulsed neutron source, as described in
section 3.3. The use of this spin flipper reduces the systematic error associated with the ji,,-V B force,
where ji,, is the neutron magnetic moment. The neutrons are captured in the target, which consists
of liquid para-hydrogen. This state of hydrogen is required, since neutrons depolarize quickly in
ortho-hydrogen, while those with energies below 15 meV retain their polarization in para-hydrogen.
Gammas emitted in the capture process are detected in the CsI(T1) detectors surrounding the target.
The parity-violating asymmetry causes an up-down asymmetry in the angular distribution of the
gamma-rays for vertical neutron spin. When the neutron spin is reversed, the up-down gamma
asymmetry reverses. The parity-violating asymmetry in gamma flux,

dw 1

0= 1 (1+ A, cosbs.,), (22)

is a measure of H}, as discussed in the introduction.

First we describe the absolutely essential aspect of the experiment, the neutron beam and guide.
A question can be raised: are there enough neutrons at LANSCE to measure the asymmetry with
a statistical accuracy of 0.5 x 1078? We show that during one year of data taking the number
of neutrons out of the guide will be &~ 1.2 x 10'®. Next, we briefly consider the other essential
elements of the experiment: 3He polarizer, spin flipper, para-hydrogen target, and gamma detector.
Then we determine the optimal size and configuration of the apparatus by roughly optimizing the
statistical accuracy with respect to size, configuration, and cost. We conclude that a statistical
accuracy of 0.5 x 10® in the gamma asymmetry A, is achievable. In the next section we consider
the detailed design of the major components of the experiment. We finally discuss systematic errors
and conclude that systematic errors can be made small compared to the statistical error. In the
evaluation of systematic errors, the pulsed nature of the neutron source and the ability to measure the
energy of neutrons that produce gamma-rays plays an essential role in the ability to eliminate some
systematic errors completely and to diagnose others by their characteristic behavior with respect to
neutron energy.

3.1 Neutron Source and Optimization of the Experimental Configuration

In the Manuel Lujan Jr. Neutron Scattering Center (MLNSC) spallation source intense low-energy
neutron pulses are produced by directing 800 MeV proton pulses from the LANSCE accelerator
onto a tungsten target at the rate of 20 Hz. After the completion of the accelerator and source
upgrade the expected averaged proton beam current will be 200 pA. This proton beam intensity
has been used in the neutron flux calculations in this proposal. The spallation target consists of two
separate pieces of tungsten operated in a flux-trap geometry [38]. MeV-energy neutrons produced
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Figure 7: The conceptual design for the proposed experiment, showing the most important elements
(not to scale). Approximate sizes and distances are indicated for some features.

in the tungsten are moderated by a partially-coupled liquid hydrogen moderator. The calculated
source-moderator performance as a function of neutron energy is shown in figure 8. The spectrum
gives the total neutron flux from the 13 cm x 13 cm LHy moderator surface. The spectrum consists
of a Maxwellian low-energy component and a high-energy tail, which falls as 1/E. The details of the
Maxwellian distribution will depend on the ratio of ortho- to para-hydrogen in the moderator. The
flux in figure 8 corresponds to the 50%-ortho, 50%-para case; however, plots of other ratios would
not be distinguished from the 50%—50% case for ortho fractions greater than about 20%. The peak
of the neutron flux, 6 x 10'% n/(s-sr-eV), is at about 4 meV.

The plan is to mount a 10 cm x 10 ¢cm super-mirror guide that begins 1 m from the moderator
and is about 13 m long. We assume that neutrons having a velocity component normal to the surface
of the guide less than 15 m/s are totally reflected by the guide. The flux at the exit of the guide with
and without the reflectivity of the guide is given in figure 9. The effect of the guide is to increase
the flux at low neutron energies. The maximum of the intensity is shifted from 4 meV to 0.75 meV.

The guide improves the sensitivity of the experiment by increasing the flux at low neutron energies
where the n—p capture cross section is larger.

The reasons for these improvements can be seen in figure 21, which shows the spin-dependent
neutron scattering cross sections for para- and ortho-hydrogen and the capture cross section. Below
15 meV the para-hydrogen cross section is about 20 times smaller than the ortho-hydrogen cross
section. The ground state of a para-hydrogen molecule has the two hydrogen spins anti-parallel and
has J™ = 0%. The rotational ground state of the ortho-hydrogen molecule has J™ = 1~. The cross
section on para hydrogen is small below 15 meV because the neutron does not have enough energy to
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Figure 8: Neutron flux of the nuclear physics beam line at MLNSC. This is the total neutron flux
out of the 13 cm x 13 cm liquid hydrogen moderator surface with an average proton current of
200 pA.
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Figure 9: Neutron flux at the target (top) and figure-of-merit (bottom) with (solid) and without
(dashed) a 10 cm x 10 c¢m neutron guide.
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excite its first rotational state (45 meV) or to make a spin flip (15 meV). The small size of the cross
section follows from the small singlet, non-spin-flip, scattering amplitudes from the two protons,
which add coherently and the large triplet, spin-flip, scattering amplitudes which add destructively.
Below 15 meV the neutron scatters elastically from the spin-zero para-hydrogen molecules and the
neutron does not depolarize. Above 15 meV the neutron can excite spin-flip transitions and the cross
section increases rapidly, approaching the ortho-hydrogen cross section. The neutron will rapidly
depolarize as it propagates through para hydrogen. Neutrons of any energy can experience spin-flip
transitions in scattering from ortho-hydrogen and therefore the neutron cross section is large at all
energies. It is, therefore, essential to carry out the experiment with a para-hydrogen target and with
neutron energies below 15 meV.

The neutron polarizer consists of a cell of polarized *He gas. As described in section 3.2.2 the
polarized 3He acts as a spin filter. One neutron spin state is preferentially absorbed by polarized 3He.
The transmitted neutrons are polarized parallel to the 3He polarization direction. The cross section
for the exothermic capture reaction n+3He— p + t is proportional to 1/v leading to high neutron
polarizations at low energies and small transmissions. The figure-of-merit ((neutron polarization)? x
transmission) has a maximum at some neutron energy. The experiment is optimized by matching
this energy to the peak of the neutron flux. Figure 10 shows a plot of the error in the asymmetry for
1 year of data-taking versus the thickness of the *He polarizer. We assume a 65% ®He polarization,
the gamma detector configuration described below, and a 30 cm thick and 30 cm in diameter para-
hydrogen target.
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Figure 10: Statistical uncertainty of the experiment as a function of the thickness of the *He polarizer
after one year data taking for *He polarizations of 55% (dashed), 60% (dotted), and 65% (solid).

21



The statistical error was calculated by summing the statistical weight over the neutron energy
spectrum:

W= 1; / dEd‘fl( ) 1, (E)P2(E)e(E) (23)
1
M= (24)

Here T, = 3.15 x 107 is the number of seconds in a year, b is a reference statistical efficiency for
the gamma detector (see below), dFE is the energy bin, d®(E)/dE is the neutron flux per energy
at energy E, T, is the neutron transmission from equation 28, P,(FE) is the neutron polarization
from equation 27 and ¢(E) is the fraction of neutrons that capture in the para-hydrogen target
(discussed in section 5.3.1). The error versus *He thickness has a broad minimum near 4 atm-cm.
The broadness of the minimum means that the *He thickness can be selected suitable for the *He
polarization technique as discussed below and still maintain an error close to the optimum.

The thickness of the Csl detector is set by the mean free path, 5.5 cm, of 2.2 MeV gamma-rays in
Csl. A thickness of 15 cm gives 93% absorption. A much thinner detector would have considerable
leakage and a large dispersion of the charge deposited. Both of these effects will degrade the figure-
of-merit of the detector. Gammas that don’t interact don’t get counted. The statistical weight above
is multiplied by a factor less than unity, E(Q)?/E(Q?) < 1, where @ is the charge created in the
detector photocathode. This factor is unity if the gamma energy is completely contained. Gamma-
rays of 2.2 MeV have nearly the maximum mean free path. Once a 2.2 MeV gamma interacts the
lower energy gammas produced will be efficiently absorbed. We therefore expect a large full-energy
peak in the energy, @), spectrum.

The size of the hydrogen target must cover the beam and contain the neutrons that scatter
typically once. The mean free path for capture of a 2 meV neutron is 14 cm. The detailed Monte
Carlo calculations described in section 5.3.1 indicate that a 30 cm diameter para-hydrogen target is
a reasonable compromise.

The gamma detector must surround the para-hydrogen and detect most of the gammas emitted
from the target. How fine grained must the gamma detector be? This question can be answered by
considering two limits: an infinitely fine grained detector surrounding a point target and a course
detector that detects only whether a gamma ray goes into the upper or lower hemisphere. In the first
case 04, = v/3/V/N and in the second 04, = 2/v/N where N is the number of gammas detected.
From this example we can conclude that position resolution is not a crucial factor in the design of
the gamma detector and that large Csl detectors can be used. The cos(f) angular distribution is
a slowly varying function of theta and position. So long as the change in cos(f) over a detector
element is small, the finite size of the detector elements will not reduce the statistical efficiency of
the experiment We consider the use of cubes of CsI 15 cm on a side. We calculated the coefficient
b in o3 A, = = b/n for a detector consisting of n layers of 12 CsI detectors arranged to have a 30 cm
by 30 cm hole in each layer as shown in figure 17. We assume a 30 cm long and 30 cm in diameter
liquid hydrogen target. We consider both the transverse, b,, and longitudinal, b,, spin directions.
The results are plotted in figure 11.

From this graph we conclude that the transverse spin orientation produces a smaller error than
the longitudinal. The events that give the most information on the asymmetry are those that have
the gamma direction along or against the neutron spin. For transverse spin these gamma events are
detected, for longitudinal spin they escape. The longitudinal configuration offers some advantages for
systematic error because some potential sources of systematic error vanish for the neutron momentum
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Figure 11: Coefficient b as a function of the number of detector layers. b, (triangles) corresponds to
the case of transverse neutron polarization, b, (squares) to longitudinal neutron polarization.
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along the neutron spin. However the longitudinal configuration has a considerably larger statistical
error than the transverse configuration. The error for the transverse configuration doesn’t change
much after 4 layers and this choice appears appropriate.

3.2 Neutron Polarizer

This experiment requires a neutron polarizer with several unique features:

1. The polarizer should be broad band, providing polarized neutrons of energy up to at least
15 meV, and preferably higher.

2. The polarizer should provide the maximum flux of neutrons (per unit energy) at the detector
and therefore transport the neutron beam from the neutron guide to the experiment with
maximum efficiency. A cross sectional area of 100 cm? is needed to make full use of the 10 cm
x 10 cm beam.

3. The polarizer should optimize the figure-of-merit P2T),, where P, is the neutron polarization
and T, is the transmission of the polarizer.

4. The polarizer should produce negligible or easily shielded gamma backgrounds and any residual
background should be constant.

5. The polarizer may provide an additional reversal of neutron spin without changing any static
(or oscillating) magnetic fields. The importance of this additional spin reversal is discussed in
section 4.

Neutron polarization with a polarizing super mirror and with a polarized ®He spin filter should be
considered for this experiment. As discussed below, the polarizing super mirror is a well developed
technology and a reasonable alternative for this experiment, however there are many advantages to
the use of the polarized 2He spin filter that strongly motivate us to implement this technology for
this experiment.

3.2.1 Polarizing Super Mirrors

Super mirror polarizers have provided highly polarized cold neutron beams at Grenoble and elsewhere
for many years [39], and are also an option for this experiment. A super mirror consists of several
leaves stacked across the neutron beam. Each leaf consists of a multi-layer of magnetized cobalt
and titanium laid on a gadolinium layer on top of a glass substrate. For very small glancing angles,
neutrons of one spin state magnetically scatter from the magnetized Co/Ti multi-layers. The layers
of Co and Ti on each leaf have varying thickness to reflect a variety of neutron energies. Neutrons of
the other spin state pass through the Co/Ti multi-layer into the gadolinium where they are captured
giving off a cascade of gamma rays with energies up to 7 MeV. The leaves themselves are curved
from upstream to downstream. As the neutrons reflect along the curved leaves, they are diverted
from their initial direction by around 15 mrad. The rate of curvature determines a cutoff neutron
energy. If the curvature is too great, neutrons will not be able to follow the leaves through small
angle reflections. A smaller curvature allows higher energy neutrons to be transmitted, but the super
mirror must be lengthened to insure that there is no line of sight through the device. Typical super
mirrors are made with a curvature that transmits neutrons below 9 meV. In principle it would be
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possible to raise this cutoff if the leaves are longer and have a smaller curvature. Though larger than
most super mirrors, a group at Gatchina believes that they can make a 10 cm x 10 ¢cm super mirror
for the proposed experiment that would fill the entire beam.

The transmission of a polarizing super mirror is limited by the curvature of the leaves as men-
tioned above, and by the range of incident angles reflected by a single leaf. A given leaf typically
reflects neutrons with glancing angles less than

fo
\/E7
where 6 ~ 860 prad-v/eV. We have modeled the transmission of such a device based on our
recent experience at NIST and the anticipated features of the LANSCE nuclear physics beam. The
transmission is energy dependent, falling from 25% at the lowest energies to 18% at the cutoff energy,
9 meV. Below the cutoff energy, the polarization of the transmitted beam is greater than 96%. For
a super mirror polarizer, we estimate the figure-of-merit, P2T;,, to be 0.18 below 9 meV and close
to 0 above 9 meV.

Despite the high figure of merit, super mirrors have drawbacks. The 9 meV cutoff energy affects
the statistical accuracy since 25% of the gamma ray yield comes from neutrons above this energy.
Neutrons above this energy capture in the mirror, producing a background of 7 MeV gammas,
requiring massive shielding for the detectors. In addition, the energy cutoff makes some systematic
tests impossible: those that rely on the rapid depolarization in the LH> target for neutrons above
15 meV. Also, since a polarizing super mirror is a permanent magnet device, the polarization
direction of the beam can only be reversed by changing the direction of the saturation field, which
can affect the detector gains. By contrast, the spin of 3He can be quickly reversed with respect to
static magnetic fields, and a 3He spin filter has no transmission cutoff for neutron energy. A 3He
spin filter provides an additional reversal of neutron spin of great value in reducing systematic errors
associated with flipping the neutron spin. Another disadvantage of a super mirror polarizer is that
an analyzer is required to measure the beam polarization. This is not the case for a 3He polarizer
[40]. Finally, since a super mirror is a reflective device, the beam line is not straight, complicating
the alignment of the apparatus.

6= (25)

3.2.2 Neutron Polarization with a >He Spin Filter

An alternative method for polarizing the low-energy neutron beam for this experiment is to use a
polarizing spin filter. Spin filters operate by selectively removing one of the neutron spin states
from the incident beam, and allowing the other spin state to be transmitted with only moderate
attenuation. A neutron spin filter can consist of either polarized protons or polarized 3He gas.
Because the first option is complicated, expensive to build and operate, and requires a several Tesla
magnetic field, we consider here only the second option, the polarized *He neutron spin filter.

The statistical uncertainty of the experiment depends strongly upon the level of *He polarization
achieved in the spin filter. This dependence can be seen from equations 26 and 27 and figure 10.
It will be a technical challenge to reach the necessary level of polarization. However, we believe
that the systematic advantages of a spin filter justify the technical effort. 3He spin filters possess
properties that improve control over the systematic errors of the experiment. Spin filters do not
alter the direction of the neutron beam; they transmit a broad range of neutron energies; and
their polarization direction can be changed quickly and easily without changing magnetic fields.
As discussed below, each of these properties can be used to address specific systematic concerns.

25



We hope to reach 65% 3He polarization, but *He polarizations of 50% or less would still provide
adequate rate for this measurement. A recent experiment (SLAC E154) produced 50% polarization
in a volume comparable to that needed for this experiment, and we believe that we can improve
upon this result.

Neutron Spin-Filters In recent years, neutron beam polarization by transmission through a
sample of laser polarized gaseous ®He has rapidly advanced toward practicality. Use of polarized
3He as a neutron spin filter [41] is based on a large neutron capture cross section in the reaction
3He(n,p)3H. The capture cross section o, = (vy/v)og, where og = 5327 b at vy = 2200 m/s, is
highly spin dependent due to a broad, unbound resonance in *He of J™ = 0*. In order to conserve
angular momentum for this s-wave resonance, only neutrons with spin anti-parallel to the 3He spin
are resonantly absorbed. There is only a small potential scattering cross section for neutrons with
spin parallel to the 3He spin. Ignoring this small potential scattering cross section, the neutron
polarization and transmission are given by:

Ty = e~ "80al(1FPs) (26)
T, —T_
n= g = tanh(nsoulPy) 0
T T
Tn = % = e—nsa'al COSh(n30'alP3) (28)

where ns is the number density of the 3He, [ is the length of the 3He polarizer, and P; is the
polarization of the 3He.

3He spin filters polarize neutrons over a broad energy range as illustrated in figures 12 and 13.
Figure 12 shows the figure-of-merit (FOM), P2T,,, as a function of neutron energy for three *He
polarizations. The shape of the FOM curve depends on the *He target thickness, but is almost
independent of 3He polarization. Therefore, the optimal target thickness does not change appreciably
with 3He polarization. These curves are drawn for a 3He filter cell with a target thickness of 5 atm-cm.
Figure 13 shows P,, T}, and P2T,, as a function of neutron energy for the same filter cell with a
50% 3He polarization.

3He spin filters have been used in several experiments and test set-ups. The first experiment
using Rb spin-exchange polarized 3He was done by members of this collaboration at Los Alamos.
In the experiment, an epithermal neutron beam was polarized in a measurement of parity violation
in a resonant neutron absorption [42]. A small 3 cm® 3He cell with 70% polarization and 3.5 atm
of pressure was used to polarize epithermal neutrons. Similar techniques have later been utilized at
ILL [43], KEK, NIST, and the University of Michigan. More recently, a group in Mainz, Germany
has polarized thermal neutrons using a cell of polarized 2He transported from the metastability-
exchange factory. This set-up has been duplicated at Grenoble where a variety of experiments are
underway [44].

Spin-Exchange Optical Pumping Two methods have been developed for polarization of 3He
nuclei: spin-exchange with optically pumped Rb and metastability-exchange from optically pumped
metastable 3He. Our current plan is to use the Rb spin-exchange method, although the metastability-
exchange method is still being considered as an option. Spin-exchange from optically pumped Rb
vapor via the hyperfine interaction of the Rb valence electrons with the 3He nucleus was discovered
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Figure 12: Figure-of-merit, P2T,, for neutron spin filters with helium polarizations of 40% (dashed),
50% (solid), and 60% (dotted), and a target thickness of 5 atm-cm.
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Figure 13: Neutron transmission, T,, (dashed), polarization, P,, (dotted), and figure-of-merit, P2T,,,
(solid) for a neutron spin filter with 50% polarization and a target thickness of 5 atm-cm.
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in 1960 by Bouchiat et al. [45]. The polarization of the *He produced by spin-exchange evolves with
time as o
= _oE g _ plrse+D)t
Pt) = P> 2 [1-e ], (29)

where Pgyp, is the steady state Rb polarization produced by laser optical pumping, vsg = ksg[Rb]
is the rate of spin-exchange from the Rb to the ®He nucleus. I is the total 3He spin relaxation
rate, which is usually dominated by interactions with paramagnetic impurities on the wall and in
the gas. Due to the weakness of spin-exchange (ksp ~ 0.6-1.2 x 1078 ¢cm?/s), Rb densities of
10'-10" Rb/cm? and ®He relaxation rates, 1/T, of 50-100 hours are required to produce high
polarizations [46]. A small amount of nitrogen buffer gas can be added to the cells to suppress
radiation trapping for Rb densities greater than 10'* [47]. Corning 1720 alumino-silicate and other
low iron and/or low helium permeability glasses can be used to suppress wall relaxation.

Sufficient laser power is required to polarize the Rb atoms and to balance Rb spin destruction
[48, 49]. The bulk Rb spin destruction rate at high Rb densities and 3He densities below about
5 atm is dominated by Rb-Rb collisions [50] and is given by the total spin destruction rate

Tsp = krp_sue[ He] + krb—n,[Na] + krpb—rn[Rb], (30)

where the k’s are rate constants for the spin destruction due to collisions of the Rb atoms with the
other species and with themselves. For a typical application, Tsp ~ 500 s~!. Recently these rates
have been re-measured at Princeton, and a strong temperature dependence was observed [51, 52].

The most common lasers in use for Rb optical pumping in high density *He samples are high-
powered laser diode arrays (LDA’s) and titanium:sapphire lasers. LDA’s dominate current experi-
ments due to price considerations and ease of use compared to Ti:sapphire lasers. We anticipate using
about 50 W of laser power from four laser diode bars coupled to optical fiber bundles. The SLAC
E154 experiment used three of these fiber coupled LDA’s in combination with several Ti:sapphire
lasers. In separate studies, the LDA’s have been shown to be very effective on their own [53, 54]. At
TRIUMF, a target development program produced 70-80% polarization in a 40 cm? volume [55].
More recently, up to 50% polarization has been achieved in a 200 cm® volume with a 10 atm 3He
pressure in experiment E154 at SLAC [56]. For the proposed experiment, a 50% polarization would
provide adequate statistics, but we hope to extend these results to produce a 65% 2He polarization
in a volume of 500 cm? at a pressure of 3 atm.

There are several ways to extend the successful SLAC E154 design to the proposed experiment.
One possibility is to use a double-cell design [57] similar to that used at SLAC. A double-cell design
is essential for electron scattering experiments where the ionization produced by the beam disrupts
optical pumping. The double-cell design is convenient because it separates the laser light and the
neutron beam. The optical pumping cell would be shaped to optimize coupling to the laser light, and
the target cell would be shaped to uniformly polarize the whole neutron beam. The disadvantage
of the double-cell design is the complication of construction and the lower average Rb density for a
given pump cell temperature.

A second possible design for this experiment uses a single cell. Such a design would simplify cell
fabrication and oven design at the expense of added complexity in getting the laser beam into the
cell. One version of a single cell design is illustrated in figure 14. In this version, the 3He pressure
is held at 2 atm. This is sufficient to provide some broadening of the Rb absorption lines (about
30 GHz) to better match the broad line width of an LDA. Two atmospheres is also practical from
a mechanical point of view — holding back 1 atm differential pressure across the 10 cm diameter
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window. The consequence of a lower density is the need for up to 50 W of LDA laser power.
We are actively pursuing a number of modifications to the single and double cell designs for Rb
spin-exchange optical pumping, to better match the conditions of this experiment.

1.1 Ln

3He (2 atm)
N2 (50 torr)

Rb (trace)

LDA Fiber Bundles

Figure 14: The polarized 3He single cell. The shape and dimensions of the cell accommodate the
incident neutron beam, the optimum 3He thickness, and optical considerations. The laser power
from four fiber coupled LDA’s are incident from the side of the roughly cylindrical cell so that the
3He and the neutrons are transversely polarized.

Metastability-Exchange Optical Pumping Although we currently plan to use spin-exchange
optical pumping to polarize the 3He filter cell, it would also be possible to use metastability-exchange
optical pumping. In 1962, Colgrove, Shaerer, and Walters [58] demonstrated optical pumping of
metastable 1S helium in a discharge and thus the possibility of polarizing >He gas via metastability-
exchange between a polarized metastable >He and a ground state 3He, i.e.

3He™t + *He? — 3Hedt 4 3He™ (31)

The metastability-exchange is a very fast process. It is possible to achieve very high (80%) po-
larizations in low pressure (a few Torr) samples of *He. For applications requiring high densities
of polarized ®He, the gas must then be compressed without losing the polarization. Metastability-
exchange and compression have been used by the Mainz group to produce large volumes of highly
polarized ®He. This group built a two-stage titanium piston compressor able to compress 130 cm?®
of polarized *He to 7 atm of pressure with a final polarization of 46% [59]. Unfortunately, their
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apparatus is very complex. To date, they are the only group that has successfully built such an
apparatus. Members of our collaboration at Indiana University and at NIST are working to build
a metastability-exchange/compressor system to polarize *He. If this effort succeeds, the new com-
pression system may be ideal for this experiment.

Cell Design Independent of the polarization method, spin filter cells must be made of materials
that transmit neutrons. Glass has traditionally been used for polarized 3He cells to achieve the
longest spin relaxation times and to transmit the laser light. Unfortunately, most glass contains
boron. Natural boron contains 20% '°B, which has a large neutron capture cross section at thermal
energies. Two approaches have been used to eliminate this problem: glass can be made using
enriched 'B, and materials such as quartz that contain no boron can be used. The NIST group
is pursuing construction of cells from °B-free alumino-silicate glass cells, and the Michigan group
is using low-iron quartz that is commercially available. The latest Los Alamos polarized neutron
experiments used cells with 3.5 cm inner diameter and 10 cm in length with flat beam windows that
were made from °B-free alumino-silicate glass.

Systematic Considerations 3He neutron spin filters provide several important features that
control systematic errors in this experiment. A spin filter’s broad transmitted energy spectrum, the
ability to change the polarization direction, and the undeflected geometry provide tools for reducing
the sensitivity to systematic effects that super-mirrors can not match. There is no high energy cutoff
to a spin filter. In fact, figure 13 shows the transmission continuing to increase above 15 meV. As
discussed further in section 4.3.1, neutrons with energies greater than 15 meV are quickly depolarized
in the target and should demonstrate no gamma asymmetry. These fast neutrons provide an online
null test with which to compare the asymmetry signal from the lower energy neutrons.

The direction of the neutron polarization from a spin filter depends only on the direction of
the ®He in the filter cell. The ®He polarization can be flipped using adiabatic fast passage (AFP)
NMR using a short burst of RF. No magnetic fields need to be changed, although the circular
polarization of the laser light must be flipped in order to maintain the new polarization direction.
This polarization reversal mechanism provides a powerful systematic reduction technique. The
neutron polarization can be changed a few times per day using the spin filter, and every pulse using
the RF flipper. These independent flips nearly eliminate sensitivity to systematic effects due to
turning on or off the RF spin flipper.

Spin filters do not deflect the polarized beam like super-mirrors do. The target and detector
geometry can remain in the same position for high rate systematic tests with the full unpolarized
neutron beam. Alignment can be performed independently from the neutron polarizer. In addition,
the neutron capture of *He does not create gamma rays, which is important for a background sensitive
experiment. The beam polarization can be accurately monitored using only the transmission through
the cell [40], and the acceptance angle of the *He spin filter is larger than the acceptance angle of
the super-mirror polarizer.

The systematic advantages of a polarized 3He spin filter outweigh the challenge of producing the
highly polarized ®He gas. Figure 10 shows that the statistical accuracy of the experiment remains
quite good even if we do not improve upon the 50% 2He polarization achieved in the SLAC E154
target. If neither the spin-exchange nor the metastability-exchange approaches provide a sufficient
3He polarization, the experiment can still be run with a polarizing super-mirror. This proven
technology lacks the systematic advantages of a spin filter, but it should provide a sufficient count

30



rate for the experiment.

3.3 RF Spin Flipper

There are a number of options for rapid reversal of the neutron polarization; one standard technique is
“adiabatic fast passage” (AFP), which has an advantage in that the spin flip results from application
of a radio-frequency (RF) field; the RF field can be easily shielded, eliminating possible count
rate/asymmetry changes with a changing DC bias field. Unfortunately, AFP requires a substantial
magnetic field gradient which, upon spin reversal in the envisioned geometry of the experiment, will
create a substantial change in the neutron beam transverse momentum; the resulting change in the
incident neutron spatial distribution at the target can easily give a systematic effect at the sought
level of experimental sensitivity.
A first-order calculation shows that the trajectory angle changes by

6 ~ hyBmas |25 (32)

where « is the neutron gyro-magnetic ratio, By, 4z is the maximum value of the magnetic field in the
AFP region, and FE is the neutron energy. Taking By, = 50 G (as required for efficient reversal of
the fastest neutrons) and E = 0.001 eV gives an angular deflection of 3 x 10~7 radians; after a 1 m
flight from the spin flipper, the center of mass of the neutron beam for this energy neutron would
change by 3 x 10~% mm; if the effective target/detector diameter is 500 mm, the first order change in
count rate asymmetry (due to, for example, changes in beam position coupled with detector coupling
efficiency or target density variations) could be of order 1 x 10~%, which is unacceptable.

In order to eliminate the magnetic field gradient deflection, we propose to reverse the neutron
polarization using a resonance spin flipper (RSF), which is also based on application of a RF field,
however, in this case, in the presence of a homogeneous static magnetic field. The basic idea is
that in the presence of homogeneous static and oscillating magnetic fields, one can transform into
a rotating frame (about the static field ByZ) where the RF field becomes static. The effective field

becomes
= w . Bi,
B=|By— — —
( 0 271_’)/) zZ+ 2 Y (33)

for a RF field given by B, ¢ = Bi cos(wt)y. If 2nryBy = w, a neutron initially polarized along z will
precess about the effective field (B;/2)j. If the RF field is applied for a time

1
T 7B (34)
the neutron spin direction will be reversed relative to 2.

We envision a system where a RF field is confined to a limited space along the neutron beam,
in the presence of a homogeneous guide field, with the neutron momentum directed along ¢, the
direction of the RF field. For fixed RF and guide field values the time/amplitude relation for the
spin reversal can be satisfied for only a single velocity component of a continuous beam. However,
for a spallation source, B; can be varied as a function of time, satisfying the spin reversal condition
for all the neutrons in a pulse.

Specifically, we are interested in a neutron energy range of 0.5 to 50 meV, corresponding to a
velocity range of 300 to 3000 m/s. If we assume an RF field confined to a length L. = 30 cm along
the beam, the maximum RF amplitude would be 3.4 G, which is easily achieved. For a spin flip coil
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located Lo = 15 m from the spallation source, the RF amplitude would have to be varied with time
as

Bl(t) _ U(t) _ LO

= L. Ld (35)

The 3000 m/s neutrons would arrive at the RSF 5 ms after the the spallation pulse time to; initially,
the RF field would be at 3.4 G, and after 5 ms, would be reduced in amplitude as 1/t to a value
of 0.33 G at 50 ms. The power requirement (a few amperes of RF current at 30 kHz, into tens of
ohms of impedance, corresponds to a power of less than 500 W) and bandwidth requirements are
well within the range of commercial audio amplifiers; the ramped signal can be easily generated by
a 16-bit DAC driven by the data acquisition system.

The static-field homogeneity and stability requirements can be determined by the effective res-
onance line width for the slowest neutrons. To achieve a 90% spin reversal, the effective field along
£ in the rotating frame must be less than B; /6, limiting the spatial or temporal variations of By to
less than 0.5 G. The magnitude of By is chosen by the transit time of the fastest neutrons, with
the requirement that a neutron precesses at least three times in the static field; this corresponds to
30 kHz, or By = 10 G; the static field must be homogeneous to a 5% accuracy over the 100 cm?
beam, and must be stable in time to a 5% accuracy. These constraints are easily achieved, even
without static magnetic shielding.

The simplest flip coil would be a solenoid, 20 cm in diameter, 30 cm in length, with aluminum
caps at each end, and placed in an aluminum shield. The caps need only be 2 mm thick to effectively
shield the 30 kHz (skin depth 0.5 mm).

The eddy currents in the aluminum caps create a field that to a good approximation cancels the
y component of the RF field at the metallic surface; effectively, the eddy current field is a mirror
image of the solenoid in each aluminum end cap. This implies that the transverse fields at the
solenoid entrance/exit are twice that of an isolated solenoid, and that the longitudinal gradients are
approximately twice as large in these regions. Also, the transverse gradients lead to an additional
time dependence of the RF field in the frame of the neutron (the Millman effect); however, the
integrated effective B; field in the neutron frame varies by less than 5% over a 100 cm? region
within the 20 cm diameter, 30 cm long solenoid with aluminum end caps.

In the experiment, we envision using the spin flipper to reverse the spin on alternate spallation
source pulses. To ensure that the background static magnetic field and possible RF pickup effects
remain the same for all pulses, when the spin is not reversed we plan to apply the RF current,
ramped in the same way as the spin flip coil, to an identical dummy coil.

In conclusion, we have shown that a resonance spin flipper to give better than 90% spin reversal
efficiency can be easily constructed. The primary advantage of the resonance spin flipper is in the
elimination of static magnetic field gradients; also, the RF field amplitude is substantially reduced
as compared to a AFP spin flipper.

3.4 Liquid Para-Hydrogen Target

A central feature of the proposed experiment is a large volume, thermally stable, and operationally
safe liquid para-hydrogen (LH,) target. A preliminary design of the target has been completed,
based on the following design criteria:

e The target volume and shape should be designed to capture at least 50% of the polarized cold
neutrons. The fraction of the beam that is not captured must be absorbed efficiently to avoid
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creating background ionization in the detector.

e The target volume, pressure, and temperature must be stable; and the target must be capable
of running normally unattended for long periods of time (i.e. several months).

e The target must meet the laboratory safety requirements. It must be safe, both during normal
operation and in case of loss of power or other equipment failure. Relief valves and burst discs
must be installed to prevent rupture of the target vessel or vacuum chamber. Vented hydrogen
must be directed away from the experimental area, and hydrogen released into the atmosphere
must be kept below the explosive limit. Hydrogen levels must be monitored in the vacuum
chamber, in the experimental area, and in the vent path.

e The target liquefier system should be capable of purifying and liquefying hydrogen at a rate
sufficient to cool and fill the target from room temperature to operation in 2—4 days time.

e The target must be maintained at a temperature below the boiling point to prevent bubble
formation.

o The liquefier system must efficiently convert ortho-hydrogen to para-hydrogen during the filling
process.

e The beam entrance windows in the vacuum chamber, radiation shield, and target vessel must
be as thin as possible to efficiently transmit the neutron beam and create minimal prompt
capture radiation.

e The beam entrance windows must be constructed from zirconium, to avoid systematic errors
resulting from neutron-capture reactions on materials such as aluminum.

e The target vessel must be constructed of non-magnetic materials, so that the neutron spin
direction can be efficiently transported into the target with negligible beam depolarization.

The above criteria can be met using techniques that have been demonstrated in previous LHs
targets used for nuclear physics experiments. The proposed target borrows substantially from past
designs [60, 61, 62, 63, 64]. A schematic diagram of the target design can be seen in figure 15. It
consists of the target vessel, condensate and boil-off lines, a hydrogen liquefier, a cryo-refrigerator, a
gas supply and purifier, a pressure relief and vent system, instrumentation, and a vacuum system.

3.4.1 Target Vessel

A Monte Carlo neutron transport analysis was used to determine the size and shape of the target.
We found that a cylindrical target, 30 cm diameter and 30 cm long, will capture 65% of the neutron
beam. About 15% of the neutrons that do not capture instead scatter back out through the beam
window, and the remainder diffuse out the sides or pass through. The target volume is 21,200 cm?
and contains 1500 g of LHy when full. The target surface area is 4240 cm?. The shape will be
slightly conical to enhance convective flow through the target.

Hydrogen is liquid in a limited range of temperature (14-20 K at 1 atm) so the target temperature
must be kept very stable to prevent freezing or boiling. This is accomplished by regulating the
temperature of the target to approximately 18 K. It is desirable to avoid boiling, since bubbles in
the target result in time-dependent density variations, that can potentially cause systematic errors.
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Figure 15: Schematic diagram of the LH, target design (not to scale).
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An electric heater connected to a temperature controller will be located on the target to regulate
the temperature or to boil the hydrogen when the system is to be warmed and vented.

The target vessel will be constructed of thin (about 0.04 inch thick) aluminum. The beam window
will be thinner (0.025 inch) zirconium and convex to strengthen it against the pressure differential.
As explained in section 4.2.2, zirconium is used to avoid a systematic error resulting from the
capture of neutrons by aluminum. Surrounding the target vessel is a thin (0.02 inch) aluminum or
copper radiation shield, again with zirconium beam windows. The radiation shield is covered on
both sides with aluminized Mylar “super-insulation” to minimize surface emissivity, except for the
beam window area, which is bare. Finally, the target will be enclosed within an aluminum vacuum
chamber, which has a concave thin zirconium (0.025 inch) beam window. Lithium fluoride neutron
absorber will be placed inside the vacuum chamber to prevent scattered neutrons from escaping into
the detector and the experimental area.

3.4.2 Ortho—Para-Hydrogen Conversion

The hydrogen molecule can exist in two different nuclear spin states: ortho-hydrogen, where the
proton spins are parallel; and para-hydrogen, where they are anti-parallel. The molecular energies
of these two states are different (para-hydrogen is 15 meV lower) so the equilibrium ratio of ortho-
to para-hydrogen is temperature dependent. At room temperature the fraction of ortho-hydrogen
in normal gaseous hydrogen is 75%, while in LH, in equilibrium at 20 K it is only 0.2%. A high
concentration of ortho-hydrogen in the target would present a serious problem for this experiment.
Ortho-hydrogen has a large spin-incoherent cross section for neutron scattering, so it will rapidly
depolarize the neutron beam. Therefore it will be necessary to keep the concentration of ortho-
hydrogen in the target near its equilibrium level.

In isolation, the time to equilibrium of newly liquefied hydrogen is quite long, about 5000 hours
(the conversion rate constant is 1.14% per hour), so a catalyst is needed to hasten the conversion. In
principle any material with a large electronic magnetic moment will catalyze ortho—para-hydrogen
conversion. Ferrous hydroxide, neodymium oxide, and chromic anhydride are most commonly used
for this purpose and are readily available [65]. In the present target design, the catalytic converter
will be contained within a mesh directly beneath the hydrogen condenser. The heat of conversion
is higher than the latent heat of vaporization so the hydrogen condensate will tend to vaporize in
the converter until the conversion is nearly complete. In this way, when the LHy target is full the
ortho-hydrogen fraction will be close to its equilibrium value. Because of the large difference in
neutron scattering cross sections (see figure 21) below 15 meV, the ratio of para- to ortho-hydrogen
can be obtained by measuring the transmission of neutrons through the target.

3.4.3 Cryocooler

Hydrogen can be efficiently liquefied using a commercial two-stage Gifford-McMahon type cryo-
refrigerator. This closed-cycle device uses compressed helium gas as a refrigerant and typically
obtains 80 K at the first (high power) cold head and 15 K at the second (low power) head. The
80 K head will be used to cool the radiation shield and an initial heat exchanger. The 15 K head
will be used to cool the hydrogen condenser.

The target will be filled as follows. Hydrogen gas is admitted at a regulated pressure of 1 atm
through a gas purifier, to remove water and particulates, and through a liquid nitrogen (LN,)
filter /precooler. The filter/precooler removes hydrocarbons and condensible gases and cools the
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Process Heat load (J/g)

Cool down from 300 K to 120 K 2400
Cool down from 120 K to 80 K 460
Cool down from 80 K to 20 K 630
Condensation 440
Ortho-para conversion 670

Table 2: Summary of calculated heat loads during liquefaction and filling of the LH» target.

hydrogen to about 120 K. It may also contain some ortho—para-hydrogen catalyst material to pre-
convert some of the gas. The gas then passes through a pre-heat exchanger, which cools it further
to 80 K, after which it enters the condenser. Hydrogen condenses onto copper fins attached to the
20 K cold head, drips down into the ortho-para-hydrogen converter, and follows the condensate line
into the bottom of the target vessel. Liquid hydrogen that boils in the vessel flows up through the
boil-off line to the top of the condenser where it is liquefied again. This process continues until
the target is full, at which point the gas flow is shut off to form a closed system. The target is
then maintained at a constant (= 18 K) temperature, between the melting and boiling points of
hydrogen. The calculated heat loads during liquefaction and filling are summarized in table 2. The
total heat needed to fill the target is 3600 kJ in the LN5 precooler, 690 kJ at the 80 K cold head,
and 2600 kJ at the 20 K cold head. To completely fill the target in 72 hours would require 2.7 W
at the 80 K head and 10 W at the 15 K head. This is well within the capability of commercially
available cryo-refrigerators.

The radiation shield will be cooled by the 80 K cold head of the refrigerator. The power load on
the refrigerator due to radiative heating on the shields is estimated to be about 20 W. Using copper
and aluminum conductors, it should not be difficult to maintain the temperature of the shield at
about 180 K or less around the target vessel. In this case the radiative heat load on the target vessel
is about 250 mW. This heat will be removed by the second stage of the refrigerator.

During normal operation, the target temperature is regulated to approximately 18 K. The liquid
temperature is determined from the pressure, which will be monitored by a pressure transducer. This
signal will also be used to automatically control a heater on the 15 K to maintain this temperature.
This will keep the target in a stable condition and prevent the formation of bubbles, which may
cause a false asymmetry.

3.4.4 Vacuum system

The target vacuum system will use a turbo-molecular pump to maintain system vacuum < 10~° Torr.
Standard ion and thermocouple gauges will measure the vacuum. A hydrogen sensor will be used
to monitor the vacuum system for hydrogen leaking from the target.

3.4.5 Hydrogen Safety

Special attention is given to hydrogen safety. We are have formed a working group at Los Alamos
for the hydrogen safety of the target. The group consists of ES&H personnel, engineering, and
cryogenic and pressure vessel experts. The working group will be involved in the design of the target
in the early stage of the work, and its charge will be to provide guidelines for the design, fabrication,
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testing, installation and operation of the target. This group will also establish review procedures for
different phases of the work. We have also been in contact with personnel at Jefferson Laboratory
where two small-size LH, targets were recently operated. We plan to draw from their experience
and their approach to LH» target safety.

Hydrogen gas is explosive in air in concentrations between 4.7-94%. Normally a spark of some
kind is needed for ignition, but hydrogen vapor escaping from leaks has been known to spontaneously
combust. Therefore it is of paramount importance to design the LHy target so that in case of leak
or rupture the gas will not exceed the lower explosive limit (LEL) of 4.7%.

A loss of either refrigeration power or vacuum will lead to rapid boiling in the target and an
overpressure condition in the target system. The first line of defense against this will be to place
the refrigerator and vacuum pumps on an un-interruptible power supply to protect the system from
a power failure. If there is an overpressure condition, pressure relief valves on the target system will
vent the gas into an argon-filled dump line, through a one-way valve, and into a trunk that exhausts
outside the building into a non-flammable area. A large, explosion-proof fan in the trunk will
circulate sufficient air to keep the vented hydrogen gas below the LEL. The hydrogen concentration
will be continuously monitored in the trunk and in the experimental area. Alarms will alert the
operator(s) in case of loss of refrigeration, loss of vacuum, overpressure in the target, or > 10% of
the LEL in any of the hydrogen monitors.

Another mode of failure is a leak from the target system into the vacuum. A hydrogen sensor
will continuously monitor the vacuum and alert the operator in case of an increase in the hydrogen
pressure, which would indicate a slow leak. In case of a large leak or rupture, the vacuum pumps
will trip off, but not vent the system. In case of overpressure, burst discs on the vacuum system will
vent hydrogen gas into the dump line and outside the building as described above.

Normal warmup and venting of the target will proceed as follows. The target heater will be
energized to increase the rate of boiling to 0.1-1 g/s. A vent valve, which is located in parallel to
the relief valves, will be opened and throttled to release hydrogen gas to the dump line at a low
and controlled rate, and then through the trunk to the atmosphere outside the building. The gas
level will be monitored and kept well below the LEL during this process. When the target system
is empty, the system will be warmed to room temperature while flushing with inert gas to remove
residual hydrogen.

3.4.6 Instrumentation

A primarily hardware-based instrumentation and control system for the LH» target is preferred for
reliability and safety. There will be no need for operator control during normal operation of the LH,
target system. System pressure (and hence temperature) will normally be kept within a narrow range
slightly above 1 atm (e.g. 16-18 psi) by a heater on the 15 K cold head, regulated by a PID controller.
The following parameters will be continuously monitored: target pressure (pressure transducer),
target level indication (low power resistors), refrigerator cold head temperatures (thermocouples),
vacuum pressure (ion gauge) , hydrogen in the vacuum (hydrogen sensor), vent line temperature
(thermocouple), and hydrogen gas concentration at various points (hydrogen sensors).
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3.5 Gamma Detector
3.5.1 Cesium Iodide Scintillators

The alkali iodides are particularly well suited for the detection of energetic y-photons because of
their high density (4-5 g/cm?®) and the high atomic number of iodine (Z = 53). To stop more than
95% of the 2.2 MeV v-rays, three mean free paths are required, corresponding to a 15 cm thick CsI
crystal. The list of basic properties of a few candidate inorganic scintillators are shown in table 3.
Our choice for the scintillator is CsI(T1).

NaI(T) _ CsI(T]) Csl
Density 3.67 4.53 4.51 g/cm?
Index of Refraction 1.85 1.80 1.80
Interaction Length (2.2 MeV) 5.1 5.5 5.5 cm
Temperature Gradient [66, 67] -0.4 <0.2 -1.5 %/°C
Relative Light Yield 1 04 0.1(fast), 0.02(slow)
Decay Time 250 1000 10, 36(fast), 1000 (slow) ns
Wavelength of Maximum Emission 415 540 310(fast), 480-600(slow)  nm
Average Scintillation Efficiency [68] 11.3 11.9 %
Hygroscopicity very somewhat somewhat

Table 3: A comparison of crystal scintillators.

Luminescence in crystal scintillators originates from emission centers in the crystalline com-
pounds themselves or centers formed by activating agents introduced into the crystal in controlled
amounts. Imperfections due to lattice dislocations, impurities or radiation damage in the crystal
create additional energy levels in the energy gap region. Excitons in the energy gap or electrons in
the conduction band can move into these energy levels that correspond to activation centers of three
types:

1. Luminescence centers, at which recombination of an electron-hole pair excites the center and
then a decay occurs via a photon emission; fluorescence. This is the main mechanism of the
scintillation light.

2. Quenching centers, are like luminescence centers except that the excitation energy is dissipated
as heat via phonons instead of photons. This means that a change in the gamma ray rates will
change the temperature of the crystal and thus has an effect to the detection efficiency.

3. Traps, which are metastable energy levels at which electrons and holes, or excitons, can remain
for a long time before acquiring sufficient thermal energy to return to the conduction and
valence bands or to move to a luminescence or quenching center. When they do move to a
luminescence center, this delayed emission of light is called phosphorescence. In some cases
the delayed emission has been measured to be very long [69].

The shape of the scintillation pulse depends on the type of crystal, nature and concentration of
the activator, type of radiation detected and temperature. The fall time of the pulse can be typically
resolved into the two main components:
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1. A prompt, exponential component (fluorescence) with a time constant from a few hundred
nanoseconds to a few microseconds.

2. A delayed component (phosphorescence, delayed fluorescence) lasting several microseconds.

The fact that the delayed component may account for as much as 20% to 40% of the total emission
of light sets a limit on the usefulness of the crystal scintillators in high-count rate pulse counting
applications. In the 77+ p — d 4+ v experiment the gamma rates are too large for the pulse counting
and therefore the current mode «y detection will be performed (see section 3.5.2). We have studied
the scintillation decays in a CsI(T1) crystal 2.5 cm thick and in a CsI(pure) crystal 15 cm thick using
cosmic rays. Figure 16 shows an averaged scintillation decay of CsI(Tl) and CsI(pure). We fit the
decay of the light from cosmics on CsI(Tl) to a Gaussian with exponentially decaying tails. Four
different decay components can be identified with time constants of 1.6, 4.9, 21, and 120 us. For
the CsI(pure), the decay can be fit with three time constants: 2.5, 7.2, and 62 us. None of these
component are long enough to cause any serious problem to the experiment.
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Figure 16: Light output as a function of time for pure CsI (left) and CsI(T1) (right) from cosmic
ray events. The signals have been averaged over approximately 20,000 events, and are normalized
to unity at the peak light output.

The segmentation of the detector is required to resolve the angular dependence of the expected
parity-violating signal and discriminate false effects. The importance of the segmentation of the
detector and its solid angle is discussed in section 3.1.

A total of 48 CsI(TI) scintillators, with a size of 15 x 15 x 15 cm?®, will be placed around the liquid
hydrogen target as indicated in figure 17. The plan is to couple the CsI(T1) crystals to either 5 inch
photomultiplier tubes or vacuum photo-diodes that have S20 photocathodes. The signals are then
taken directly from the anode to decrease the sensitivity of the detector gain to magnetic fields and
other drifts as discussed in section 3.5.3. The S20 photocathode has a response curve that matches
well with the spectral distribution of the scintillation emission from CsI(T1), which has a maximum
at 540 nm.

Temperature influences scintillation effectiveness (number of photons emitted per unit time per
radiation in MeV), pulse decay time and emission spectrum. For CsI(T1), the temperature sensitivity
has been measured to be less than 0.2% per °C. Similar detectors have been observed to have
acceptably low gain drifts (< 1% per week [70]).

The slight hygroscopicity of the crystals will be handled by closing the crystals into sealed
aluminum cans. The canning will also help the mounting of the crystals around the liquid hydrogen
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Beam

Figure 17: Proposed design for the Csl detector array.

target.

Radiation damage of the crystal will decrease the transparency of a crystal resulting in a decrease
in detected light. CsI(T1) has been found to be rather radiation hard [71] up to doses of more than
50 kRad.

3.5.2 Current Mode Signal

Because of the high gamma-ray rates (10'°-10'® s=!, depending on neutron time-of-flight), single-
pulse counting is not possible. Even when divided among 48 detector elements, the rates are too
high. Instead, current-mode techniques are used. Since the average time between detector pulses is
much shorter than the pulse width, the signal from the photocathode takes the form of a continuous
current whose magnitude is proportional to the instantaneous detector rate. The effect of counting
statistics is manifest as a quantum shot noise, due to the discrete nature of the charge deposited
by each gamma. This shot noise can be described as a current noise density, which is given to a
good approximation by Iy, /v/f = v/2qI, where q is the charge deposited per gamma and I is the
photocathode current.

3.5.3 Amplification of Photocathode Signal

Light of scintillation from the CsI(T1) strikes the detector photocathode, causing the emission of
typically 500 photoelectrons for every 2.2 MeV gamma. This process results in a current that must
be amplified and converted to a voltage before it is digitized. To preserve the statistical accuracy
of the signal, the amplifier must contribute very little noise. Normally, this amplification is done by
an electron multiplier, contained within the photomultiplier tube.

Although an electron multiplier is very low noise, it is also quite sensitive to magnetic fields.
A 10 G magnetic field reduces the gain of a typical photomultiplier tube by a factor of 10. Since
a changing magnetic field (either DC or RF) is required in our case to reverse the neutron spin
direction, such a large sensitivity to magnetic fields can result in a spin-dependent detector efficiency.
The resulting systematic error is avoided altogether by using an electronic amplifier instead.

The efficiency change of the photocathode due to magnetic fields is more than four orders of
magnitude smaller than for the electron multiplier (see section 5.1.4); only 2 x 1073 G~=!. The
requirements on magnetic shielding are then reduced to a practical level. Instead, the difficulty is
in designing an electronic preamplifier that has low enough noise. This problem has been solved, as
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will be seen in the next section.

3.6 Detector Electronics

The detector electronics must transform the signal from the gamma detectors into digital form
without significantly increasing the noise above the shot noise of the signal. In addition, this criterion
must be met over a wide dynamic range, including total count rates from 10'°-10'3 s~!. A third
criterion is that the detector efficiency must be very insensitive to magnetic fields to avoid systematic
errors resulting from changes in magnetic fields during neutron spin reversal. This last requirement
rules out the use of electron multipliers, such as are found in photomultiplier tubes. While such
devices act as extremely low-noise current amplifiers, the gain is notoriously sensitive to magnetic
fields. Instead, electronic amplifiers are used throughout.

The process of converting the detector photo-currents into digital signals occurs in stages. First,
the anode currents are converted to voltages by low-noise current-to-voltage (IV) preamplifiers lo-
cated in the detector bases. Second, the detector signals are combined by taking sums and differences
in order to reduce the dynamic range requirements. Finally, the sum and difference signals are dig-
itized. The detector electronics are shown schematically in figure 18.

- Dif 1
Detector 1
() ®
() ®
() ® ADC
Detector 12
$ - Dif 12
Sum

Figure 18: Schematic representation of the detector electronics.

In addition to the current-mode electronics, pulse-mode electronics are needed for calibration and
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diagnostics. This system will consist of standard phototube bases, amplifiers, and charge-integrating
ADC’s. In this mode of operation, the preamplification will be performed by the electron multiplier
in the phototube. Such an arrangement will be used at a reduced neutron flux to check the detector
efficiencies and establish background levels. For these tests, it is not necessary to operate the entire
detector array simultaneously, and so the pulse-mode electronics will have a smaller number of
channels than the current-mode electronics.

3.6.1 Low-Noise Preamplifiers

The statistical fluctuations due to the number of detected gammas appear as shot noise in the
photocathode currents I, given by the rms current noise density I,/+/f = +/2Iq, where ¢ is the
charge deposited per gamma. A second source of signal fluctuations, variations in the number of
electrons produced in the photocathode per gamma incident on the detector, is small by comparison.
Electronic noise in the IV preamplifiers must be small compared to the signal fluctuations in order
to preserve the statistical accuracy of the measurement. This requirement is most stringent at
the lowest anticipated count rate, 10'® s~!, where I,/v/f = 1.6 pA/v/Hz from a photocathode
current of 16 nA for each detector. A suitable current-to-voltage amplifier has been constructed and
successfully tested, displaying a noise density equivalent to only 20 fA/ VvHz. Equally important,
the amplifier has a sufficiently short time constant (100 us) to allow measurement of the neutron
time-of-flight.

The preamplifier design is shown in figure 19. The circuit functions as a current-to-voltage
amplifier, built around an AD745A low-noise operational amplifier, having a typical voltage noise of
2.9 nV/v/Hz and typical current noise of 6.9 fA/v/Hz at 1 kHz. The feedback resistor is 10 M2, giving
a DC gain of 10 V/uA. The 10 pF feedback capacitor limits the 3 dB bandwidth to approximately
3.0 kHz, corresponding to a time constant of approximately 50 us. Precision resistors with low
temperature coefficients (20 ppm/°C) are used to reduce thermally-induced drifts.

3.6.2 Sum and Difference Amplifiers

Since we are interested in a small (=~ 5 x 10~8) variation in gamma yield as a function of azimuthal
angle ¢, the dynamic range requirements for the signals can be greatly reduced by taking appropriate
differences in hardware. If the counting rates in all detector elements are equal, it is sufficient to
subtract the average signal from each individual signal, and then digitize the differences as well
as the sum. In our test measurements we found that such differences remained stable to ~ 1%
of the original signals, allowing a reduction of two orders of magnitude in dynamic range. In
practice, because the detector elements do not view the target with the same solid angle, detectors
will be grouped according to solid angle, with differences from the mean being formed within each
group. With this technique, differences between any two detectors within the same group can be
reconstructed with statistically-limited uncertainties during analysis of the data.

3.7 Data Acquisition System

Like the detector electronics, the data acquisition system can be described in stages. Transient
digitizers sample the sum and difference signals many times during each beam burst. These digitizers
reside in a VME crate and store the data in memory shared with the VME controller. This controller
performs some compression on the data and writes it to a tape drive, either directly or through a
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Figure 19: Circuit diagram for the photocathode preamplifier.



personal computer (PC)-based data acquisition system. The PC system performs the tasks of
monitoring, control, and online analysis and display. An off-line system is also required for the final
analysis of the experimental data. In addition, since the collaboration consists of many institutions,
a mechanism must exist for providing remote access both to the data and to the computing resources.

3.7.1 VME-Based Data Acquisition Electronics

The sum and difference signals will be digitized by commercially available? 16-bit transient digitiz-
ers, with a maximum sampling rate of 100 kHz. The signals need to be sampled several times during
each beam burst to provide neutron time-of-flight information. There is, however, a more stringent
requirement on the sampling rate. Because of the very high counting rates, small statistical accu-
racies are obtained in a short time. If the sampling interval is too long, the one-bit uncertainty in
the digitization process can approach the size of the statistical uncertainty. For this reason, we will
sample at 10 us intervals. Several samples can then be averaged to reduce the amount of data, while
retaining the statistical accuracy. The electronics arrangement for one fourth of the full detector
array is shown schematically in figure 18.

The transient digitizer contains a controller and its own memory. The memory will be divided
into two buffers, which will be used to hold the data from alternate beam pulses. The inactive buffer
can be read by the VME host computer, which performs the signal averaging and combines the data
with other information, such as neutron time-of-flight and spin direction. The full event information
is then transferred both to tape and to the PC data acquisition system (DAQ) for further online
processing, monitoring and display. Control commands can be sent from the PC DAQ to the VME
host to stop and start data acquisition, or change to diagnostic modes, for example. All of the VME
components are commercially available and supported with industry-standard software.

3.7.2 PC-based Data Acquisition System (PC DAQ)

The PC-based data acquisition system (PC DAQ) will provide monitoring and control of the VME
system, as well as online analysis and display. PC DAQ is a full-featured DAQ and analysis shell.
The program provides both DAQ and replay (disk file input) modes. It can also be used for Monte
Carlo projects. Extensive software control flags, which may be set either in script command files or
interactively, are provided so that the user can control the flow of data through the program. PC
DAQ is designed to run on a 32-bit Windows operating system (Windows 95, Windows NT 4.0, or
above) running on the INTEL 80x86 processor line.

PC DAQ provides histogramming, testing, and plotting packages. Histogram data can be ex-
ported to spreadsheets or analyzed in user supplied programs. The test package defines tests that
are used to see which histograms should be incremented. Tests can be defined in scripts or interac-
tively (indirect gates and boxes). Test result summaries can be printed or copy/pasted into other
programs. The plotting package is based on the xyPlot package defined by Tom Mottershead. Plots
can be copied as bitmaps to other programs or printed. Plot analysis is in user supplied FORTRAN
analysis code.

An upgrade to provide VME capability is underway. Other usability changes can also be ex-
pected. A full description of PC DAQ may be found in [72].

2 Alphi Technology, Tempe, Arizona
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3.7.3 Data Storage and Distribution

Raw data from the VME system will be written to tape through a standard SCSI interface. This
data will be written at a time-averaged rate of approximately 600-700 kbytes/s, and will consist
of digitized difference signals for each detector, averaged over approximately 100 samples, as well
as digitized sum signals, neutron time-of-flight, and auxiliary information such as beam intensity,
neutron spin direction, etc. This rate is well below the limits of current technology. Since each
tape has a capacity of 20 Gbytes, tapes will be filled at a rate of approximately one every two days.
Automatic tape changers are available to ensure that new tapes are loaded as needed.

PC DAQ writes its data, i.e. histograms and test results, to disk. Past practice with PC DAQ has
been to periodically archive these disk files onto tape and then reclaim the disk space. PC DAQ can
automatically start new runs at fixed intervals so that no one run is too large for efficient analysis.
This also means that it can run in an unattended mode for long periods if the tape drive has a tape
changer attached. Since PC DAQ will be writing the compressed data only, requirements on speed
and storage capacity are approximately 10 times less than for the raw data.

The full data-set after one year (live) of running will consist of approximately 4 Tbytes of raw
data and 400 Gbytes of compressed data. Access to the raw data will rarely be needed, and it will
remain archived on tape. Collaborators at remote locations will, however, require access to the full
set of compressed data. The simplest and most cost-effective alternative, at present, is to make the
tapes available through a large-capacity (approximately 20 tape) tape changer. The disadvantage of
this primary approach is access time, which could become prohibitive, if low-level data analysis is to
take place remotely. Alternative technologies include large disk farms and digital video disks. While
both of these options are, at present, quite expensive, prices are dropping rapidly as the technology
advances and may soon (mid-1998) be practical.

3.8 Magnetic Guide Field

Three different sets of transverse magnetic fields are required by the experiment. The first field is
the 10 G Helmholtz field of the polarizer, the second field is the 10 G field that guides the neutron
spin to the spin flipper and then to the LHy target. The third field is the 10 G static field of the
resonance spin flipper described in section 3.3. Careful design is needed to match the fields to each
other to prevent depolarization.

For maximum ®He polarization and minimum polarization losses during polarization reversal by
the adiabatic fast passage, the inhomogeneity of the polarizer field has to be less than 3 mG/cm
[73, 74]. Magnetic field gradients in the *He cells would cause spin relaxation of the polarized 3He
gas, which would compete with the slow spin exchange polarization process. Once the neutron beam
is polarized, a static magnetic guide field is required to maintain the polarization. The projection
of the neutron spin on the field direction is an adiabatic invariant, and is approximately conserved
when wp/wr, is small. Here, wp is the rate of change of the magnetic field direction, and wy, is the
neutron spin Larmor frequency, 29 kHz at 10 G. The 10 G guide field is large compared to ambient
magnetic fields.

The magnetic guide field will be created by a series of Helmholtz coils, oriented along the direction
of neutron polarization (vertical). The diameters of the coils will vary according the size of the
apparatus and the homogeneity requirements in each region. Trim coils will be used to improve
the field uniformity in the transitions between adjacent coils. Monte Carlo [75] calculations of the
neutron spin transport will aid in the design of the coils.
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4 Systematic Effects in the Experiment 7 +p — d + «

We distinguish between statistical (section 4.1) and systematic (section 4.2) errors. The experiment is
designed to measure the directional asymmetry of the emission of gamma rays with the neutron spin
direction. A systematic error produces a signal in the detector that is coherent with the state of the
neutron spin; for example, the current in a magnet used to flip the neutron spin might be picked up
by the gamma detector, or a guide field might steer the neutron beam up-down as the spin is changed
from up to down. A source of statistical error produces a detector signal that is not correlated with
the neutron spin direction; for example fluctuations in the number of detected gamma rays due
to counting statistics or drifts in amplifier offsets. The size of statistical errors is important when
discussing systematic errors, because it is important to be able to diagnose systematic errors in a
time that is short compared to the time it takes to measure the directional v asymmetry. Systematic
errors can be further classified according to whether they are instrumental in origin and are present
whether or not neutrons are being detected or arise from an interaction of the neutron spin other
than the directional v asymmetry in the @ + p — d + «y reaction, for example the parity-allowed
asymmetry é’n(En X l;::,) Finally, it is important to isolate and study experimentally potential sources
of systematic errors. For example we can search for false asymmetries from activation of components
of the apparatus due to the capture of polarized neutrons by emptying the liquid hydrogen target.
We can monitor in situ effects such as the parity allowed &, - (k,, x 1_57) correlation in 77+p — d++ that
produces left-right asymmetries. We discuss auxiliary and in situ systematics checks in section 4.4
below.

4.1 Statistical Errors

The statistical uncertainty associated with the number of gamma rays detected, counting statistics,
is unavoidable; the limit is set by the beam intensity and the detector solid angle. The design goal
of the detector, electronics, and data acquisition system is to make other sources of noise small
compared to counting statistics. In order to measure the asymmetry with a statistical accuracy of
0.5 x 1078 in one year, it is necessary to observe ~ 4 x 10'® photons. The asymmetry must be
measured with an accuracy of 1 x 10~* for each neutron beam pulse. In section 3.6 we showed
that electronic noise and drifts were small compared to counting statistics. The preamplifier noise
is more than 100 times smaller than counting statistics at the rates that will be achieved in the
apparatus. This very low level of electronic noise has important implications for our ability to
diagnose systematic errors that are instrumental in origin.

4.2 Sources of Systematic Effects
4.2.1 Systematic Errors of Instrumental Origin

It is not possible to give a complete list of sources of instrumental systematic errors. Many come
to mind: the influence of magnetic fields on detector gains, shifts in the mains voltage as power
supplies are turned on and off, leakage of control signals into preamplifiers, etc. It is essential to be
able to tell whether such effects are present in a short time, to learn where they come from, and fix
them. These effects are not associated with the neutron beam. There are two types of instrumental
asymmetries; additive couplings and gain shifts. Additive couplings will be diagnosed by running
the experiment with the beam off and looking for a non-zero up-down asymmetry. The electronic
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noise is 1/100 of counting statistics. In the presence of electronic noise only, achieving an accuracy
of 0.1 x 10~® (the statistical error in A, will be 0.5 x 10~® in one year of data) will require a running
time 52/1002 of 1 year, ~ 1 day.

In order to search for gain shifts we will illuminate the detectors with light from light emitting
diodes. The level of illumination will produce a photo-cathode current 10 times larger than that
due to neutron capture where we expect the number of photo-electrons per 2.2 MeV gamma, from
CsI(T1) will be = 500. The time to measure a gain shift of 0.1 x 10~% will be 52/(10 x 1000) of 1
year & 1 day. We will be able to diagnose and eliminate instrumental systematic errors before we
take beam, and without a complete apparatus. We will be able to check for problems during periods
when the beam is off.

The most important experimental tool we have to isolate a parity violating signal in this ex-
periment is the neutron spin flip. It is therefore absolutely essential that the process of flipping
the neutron spin have a negligible effect on all other properties of the apparatus. In this section
we discuss some of the ways that this idealization may fail, and our estimates for the size of the
resulting systematic effect.

In our considerations above we assumed that the spin flip process is “perfect”, that is, that the
only difference between the flip/no-flip states of the experiment is that the neutron polarization is
reversed. In practice this condition cannot be met. We now relax these assumptions and consider the
consequences. We will concentrate on two methods of neutron spin reversal: use of a RF magnetic
field on the neutron beam and reversal of the polarization direction of the *He polarizer.

One method of spin reversal consists of reversing the polarization direction of the 3He target.
The 3He spin can be reversed by an adiabatic fast passage or adiabatic reversal of the magnetic
holding/guide field. The magnetic field (at the polarizer the fully polarized 3He nuclei create a field
of about 2 Gauss) due to the reversed magnetic moments of the polarized *He nuclei in the neutron
polarizer causes a change in the static magnetic field at the location of the gamma detectors. This
change is about 1 x 10~ Gauss. Coupled with the measured change in the gamma detector efficiency
2 x 107® per Gauss, this gives a negligible efficiency change of 2 x 10711,

The other method of neutron spin reversal is effected by turning on and off the ~ 30 kHz magnetic
field in the spin flipper. This field, although closer to the detectors than the 3He cell, can be shielded
very effectively because the skin depth of the 30 kHz RF field in aluminum is 0.5 mm. In addition,
the intrinsic detector efficiency should be less sensitive to an RF field than a DC field. Care must be
taken to insure that there is no spurious electronic pickup induced by the RF switching. We intend
to forestall this problem by switching the RF power into a dummy coil when the neutron spin is not
being flipped.

We will reverse the neutron spin on a 20 Hz time scale using the RF spin flipper with a + — — +
— + +— pattern. This pattern eliminates the effects of first and second order drifts, as discussed
in section 4.2.3. The neutron spin will be reversed every few hours by reversing the polarization
direction of the *He polarizer. Finally, we will reverse the direction of the holding/guide field
every few hours. Instrumental effects arising from the state of the RF spin flipper, the 3He cell,
the holding/guide field, or from other parts of the apparatus will have different dependences on
the different reversals. These different dependences can be used to identify the source of potential
instrumental systematic errors. Any instrumental or spin-dependent systematic error that depends
on the *He state, the spin flipper state, or the holding field state would be eliminated by averaging
over different reversal methods.
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4.2.2 Systematic Errors from Interactions of the Neutron Spin

In this section we consider systematic errors arising from interactions of the polarized neutron beam
itself. This type of false effect is potentially the most difficult to eliminate. Fortunately, these effects
are all small, < 1078, and do not require heroic efforts to eliminate. In order to produce a false
asymmetry, an interaction must occur after the spin is reversed by the RF spin flipper, otherwise the
effect of the interaction would be averaged out by the eight-step reversal sequence. The interaction
must involve the inner product of the neutron spin vector and some vector made up of the vectors
and scalars from the initial and final states. At least one quantity from the final state that deposits
energy in the detector must be involved. We have tried to identify all possible Cartesian invariants
that satisfy these conditions and evaluate the associated false asymmetries. We evaluated invariants
that produced asymmetries ~ 10~!° more carefully than asymmetries < 10710, Different potential
sources of false asymmetry produce effects that depend on time of flight (neutron energy) in a
characteristic fashion. The 77 +p — d + ~ directional asymmetry, A, produces an up-down pattern
(for neutron spin up-down) that is independent of neutron energy up to an energy of 15 meV. Above
15 meV, the neutrons depolarize in the para-hydrogen and the asymmetry vanishes.

i +p — n 4+ p The parity-conserving transverse analyzing power A, for np elastic scattering
shifts the neutron beam centroid left-right before capture takes place. This shift changes the effective
solid angles of the detectors, producing a left-right y-ray asymmetry. Because of the low energy of
the neutrons, however, the scattering is almost purely s-wave. Since p-wave scattering is necessary
for A, # 0, the effect scales as k, the neutron momentum. Extrapolating from A4, =~ 5 x 1075 at
10 keV [76], averaged over the detector angles, we obtain 4, ~ 2 x 1078 at 1 meV. Since this effect
produces a left-right asymmetry, the systematic effect in the up-down direction is estimated to be a
factor of 100 smaller, giving a false asymmetry F ~ 2 x 10719,

i+ p — d -+~ There are two sources of false asymmetry associated with the capture reaction
itself. The gamma-ray has a small circular polarization correlated with neutron spin corresponding
to the parity even (P+) and time reversal even (T'+) invariant &, - §,, and there is a small P+
and T— left-right asymmetry corresponding to the invariant 3, - (l;:',y X En) These asymmetries are
potentially dangerous because the experiment is designed to efficiently detect this decay mode. We
estimate these false effects below and find them to be small compared to 0.5 x 1078, The branching
ratios for the double radiative capture mode (7+p — d+v++) is 1% of the dominant 7+p — d+7,
so this mode is neglected. The branching ratio for the pair decay mode (@ +p — d + et +e7) is
2% of @ + p — d + v and this mode is also neglected.

5 - (E7 X ﬁn) The size of this asymmetry, A; ., has been calculated by A. Csété and B.F. Gibson
[77]. They find: 4; , = 0.23 x 1078 (E, = 1 meV). The asymmetry is left-right and the
symmetry of the apparatus will suppress its effect by ~ 1072, leading to a false asymmetry of
1 x 10710, The TOF of this asymmetry is t~2, and there is no asymmetry above 15 meV.

8, - 8, The transfer of neutron polarization to gamma-ray circular polarization is small: 1.5 x 1073
[78] and the analyzing power for gamma-ray circular polarization is small; this analyzing
power arises from Compton scattering from polarized electrons. For 10 cm of saturated iron,
the analyzing power is ~ 10~2; for a false asymmetry of 1071° we can tolerate no more than
5 x 10~* g/cm? of fully magnetized iron. This limitation precludes the use of ferromagnetic
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materials in the apparatus. The susceptibility of liquid hydrogen and aluminum are small and
the magnetization of these materials in a 10 Gauss field are 2 x 1071° and 3x 10~?, respectively,
relative to fully magnetized iron, and these materials pose no problem.

Neutron Beta Decay 77 — p + e~ + 7 The weak decay symmetries, in regard to analyzing
power induced false asymmetries, are P— and T+; the beta direction is correlated with the neutron
spin direction. The fraction of neutrons that decay in the target is approximately the stopping time
divided by the neutron decay time

A ~1077. (36)

The asymmetry is 0.11 and the conversion of beta energy to gamma energy in the slowing down
process is small — the fractional radiation yield for a beta having half the end point energy Qz/2 =
0.39 MeV is 3.6 x 10™* [79]. We estimate the false asymmetry F to be

0.39 MeV

Y

F ~ (1077)(0.11) (3.6 x107%) &~ 7 x 10713, (37)

where E, = 2.2 MeV. The effects of the radiative decay n — p+ e+ v + 1, internal bremsstrahlung,
is estimated as
an

Fr(1077)(1.1x 1071) i
7

~3x107M, (38)

where « is the fine structure constant. The circular polarization of gammas from bremsstrahlung is
~ 1, but the small analyzing power for circular polarization discussed above in the case of 3, - &,
makes this source of false asymmetry negligible.

fi+d — t+~ A deuterium (D2) contamination in the liquid hydrogen target can produce gammas
via i +d — t + . An upper limit for the gamma asymmetry of 1.5 x 1076 was obtained using
the DDH limits for H and H). The abundance of D in H is < 1.5 x 1072, the D cross section is
1.5 x 1073 that of H, and the energy of the gamma ray is 6.2 MeV. We estimate the false asymmetry

to be
6.2 MeV

~ —6 -2 -
F~ (1.5 x107%) (1.5 x 1072)(1.5 x 10 )2_2 MeV

~ 10710, (39)

n+8Li—="Li* — a +t °LiF will be used to line the liquid hydrogen target to absorb neutrons
that don’t capture. This process is dangerous because a large fraction, ~ 30%, of the neutrons that
originally entered the LH, target will be captured by °Li in the proposed geometry. n + Li =7
Li* — a +t. The parity violating §, - k, correlation has been measured to be < 6 x 1078 [80]. The
alphas make (a,n) reactions leading to fast neutrons with a production probability of ~ 10~* [81].
These fast neutrons can deposit large energies, =~ 20 MeV gamma equivalent, in the detector. We
estimate the false asymmetry to be:

F<03x6x1078x107* x % ~2x 1071, (40)
Y

where E,, = 20 MeV and E, = 2.2 MeV. The fraction of neutrons that capture on the "Li and the
F will be small because the capture cross sections are small, 0.16 and 0.034 barns at 2 meV as
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opposed to 3.5 x 10° barns for %Li at 2 meV. We assume 10% 7Li and 90% SLi. The fraction of
neutrons that capture on “Li and '°F are then 0.5 x 107° and 1.2 x 107°. We consider the false
asymmetries from the beta decay of these polarized species below.

Mott-Schwinger Scattering of Polarized Neutrons The electromagnetic neutron spin-orbit
interaction is much larger at low energies than the nuclear spin-orbit scattering: the amplitude is
about 10~3 of the strong interaction neutron scattering amplitude for a bare nucleus. However this
amplitude is imaginary, and its interference with the nuclear scattering amplitude is suppressed for
most nuclei, whose nuclear scattering amplitudes are almost entirely real at low energy. Furthermore,
the electromagnetic scattering amplitude is reduced at small momentum transfer (large impact
parameter) by the screening of the nuclear charge by the atomic electrons. The left-right scattering
asymmetry causes the beam to move left-right between the two polarization directions.

A careful calculation was performed for the hydrogen target. The calculation took into account
the details of the angular dependence of the Mott-Schwinger scattering due to the differing form
factors for the neutron scattering from the nuclear and electronic charge distributions, the corrections
due to the shape of the molecule, and the geometry of the target and detector array. The result is
an analyzing power ~ 10~7 at a scattering angle of 45 degrees. The beam center shifts left-right by
a small amount. The resulting change in the gamma ray intensity is about 1028 in the left-right
direction. The symmetry of the apparatus reduces this effect in the up-down direction by 1072
giving a false asymmetry of 10710 at 2 meV. Most of the asymmetry comes from scattering in the
liquid hydrogen; the effect from the aluminum entrance window is minimal because the interaction
probability is small. The time-of-flight dependence of this effect is ¢ ~2-8.

fi - VB The ji- VB force can steer the neutrons up-down and cause an up-down asymmetry.
This effect is minimized by the use of the radio-frequency spin flipper. The 10 Gauss guide field is
homogeneous from the 3He polarizer and the ji - VB force vanishes. For a 0.1 Gauss field change
over the dimensions of the apparatus we estimate a false asymmetry of 10710, This false asymmetry
depends on TOF as t. The false asymmetry changes sign when the guide field is reversed.

-

n -kn The neutron experiences a parity violating &, - k, interaction as it propagates through the
liquid hydrogen. Heckel estimates a spin rotation of 2 x 10~ 7 radians/cm. This produces a rotation
of 6 x 107° radians in the 30 cm thickness of the target. This rotation has the same consequences
as the detector asymmetry. The rotation produces a false asymmetry by coupling some left-right
asymmetry into the up-down direction. We have assumed a detector asymmetry of 10~2 above and
6 x 1076 <« 1072, The parity violating longitudinal asymmetry is oc k, and is negligible for cold
neutrons. This asymmetry shifts the beam in a forward-backward direction and is rejected by the
symmetry of the apparatus.

Beta Decay of Polarized Nuclei from the Capture of Polarized Neutrons The false effect
from these processes arises from the parity-violating beta decay of polarized nuclei. We assume a
correlation of 0.1 between the neutron spin direction and the direction of emission of the beta. The
false asymmetry is reversed by a factor of fQ 3/ E.,, where Qg is the end-point energy, f is the fraction
of the beta energy converted to bremsstrahlung in the slowing down process, and E, = 2.2 MeV.
We take this fraction from ref. [79]. The time structure of the beam and the relaxation of the nuclear
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spin reduce the asymmetry by a factor:

_ T1/2—1/4(a—a®? 4 2a%)
T 1+4+a

where T is the time width of the cold neutron pulse (= 10 ms), and 7 is the beta decay lifetime.
If D is the time between macro pulses (50 ms) and p is the spin relaxation time (assume p > T),
then we can write a, the decay of the spin due to decay and depolarization between macro pulses
as a = e~ PU/m+1/P) g varies between T//27 and 3T /167 as a varies between 1 and 0, as shown in
figure 20. We estimate the false asymmetries produced by the polarized neutron beam interacting

; (41)

1
< L
> 0.5
@ |-
0 \
O 0.5 1

Figure 20: Variation in g7/T as a function of a.

with 0.1 g/cm? of various materials. In the case of the LiF liner, we assume that 1/4 of the neutrons
interact. For a sequence of isotopes such as 12C and '3C only the heaviest isotope has to be considered
and the false asymmetry is reduced by the fractional abundance of this isotope. Carbon is a great
material because the *C daughter has J = 0 and hence has no beta decay asymmetry. Furthermore,
the false asymmetries are small because capture cross sections are small.

From the estimates presented here, it is clear that false asymmetries from the capture of polarized
nuclei will not produce serious false asymmetries as can be seen from table 4.

4.2.3 Time-Dependent Effects

Time-dependent systematic effects arise from drifts or fluctuations in experimental parameters such
as detector gain, incident flux, and beam position on the target. The primary technique for reducing
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Z7A1 Zng 7L1 IQF 180 QbZr ZOSPb

Abundance 1 0.11 0.1 1 0.002 0.03 0.52
Daughter Al Mg 8Li 20 190 Zr 209pp
Mean Life (s) 138 570 0.84 11.4 29 6.1 x 10* 1.2 x 10*
9 1.4x107° 32x107° 2.7x107% 1.7x107* 6.5x107° 41x1077 1.6x 1077
Ocapture (D) 0.85 0.13 0.16 0.034 5.7 x 107* 0.08 1.1x 1072
Qs (MeV) 4.6 1.8 16.0 7.0 3.5 2.65 0.64
Fraction 1.9x107% 33x107% 1.1x107° 1.2x107° 43x107° 50x107% 1.7x10°°
Froa (Eg/2) 20x107% 89x1073 31x1072 1.4x107? 94x107® 41x107% 3.8x 1072
EgFrqq/4.4 MeV 2.1 x107% 3.6 x 1073 0.11 2.2x107% 75x107% 25x107% 55x 1073
F 56 x10710 21 x107M 1.4x1071° 26 x107 1 1.1x 1071 51 x 107! 7.8 x 1071¢

Table 4: Properties of nuclei that can contribute to false asymmetries by beta decay after capturing
polarized neutrons. The isotope that gives the largest false asymmetry is shown.

the false asymmetries generated by these changes is fast spin reversal. This allows asymmetry
measurements to be made in each neutron spin state very close together in time, before significant
drift occurs. In addition, by carefully choosing the sequence of spin reversal, the effects of any
remaining drifts can be further reduced. We plan to reverse the neutron beam polarization at
20 Hz; that is with each beam pulse. The optimal spin-reversal sequence depends upon the specific
characteristics of the largest systematic drifts and has yet to be determined. We will describe one
possible sequence.

The importance of the spin reversal sequence can be illustrated by considering an efficiency
difference between up and down detectors that drifts linearly with time, such that the difference is
positive and increasing. If the neutron spin is simply alternated between the two states 1/1J..., the
second state will always have a larger asymmetry, leading to a false effect. However, if the four-step
sequence 11 is chosen instead, the effect is canceled. Carrying the process one step further gives
the eight-step sequence 1]} 1} 11, which cancels time-ordered drifts to quadratic order [82].

A more realistic example is a spin-independent false asymmetry that has an exponential time
dependence ¢ = Ae t/7. We take for amplitude A = 1 x 10~5 and for the time constant 7 =
1007, where T is the time between spin states. These parameters reflect reasonable values for
slowly drifting systematic effects. This false asymmetry is greatly reduced by taking the difference
between asymmetries measured with positive and negative neutron spin directions, but the size of
the reduction depends strongly on the spin-flip sequence chosen. We will consider three different
sequences, consisting of eight asymmetry measurements, four for each neutron spin direction: 1) the
two-step sequence 1|11l 1l, the four-step sequence 1| 11]41, and the eight-step sequence 1], 1T|114.-
The results, summarized in table 5, clearly show that for this type of systematic drift the eight-step
sequence is superior.

The most important time-dependent systematic effects arise from drifts in detector efficiencies.
This is because differences in detector efficiency are the origin of the largest time-independent sys-
tematic asymmetry, which is of order 1072. To the extent that this effect is constant with time, it is
removed by reversing the neutron spin. Thus, it is only the time-dependent drifts that can cause a
false effect. We divide the detector drift into two components: an intrinsic term, which is indepen-
dent of environmental conditions and a temperature-dependent, term. Both have been measured by
Frlez, et al. [70] for similar detectors, who report coefficients of 1% per week for intrinsic drift and
1% per degree C for temperature-dependent drift.
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Spin Sequence Asymmetry
Two-Step  TIMINIM, 4x 1077
Four-Step  tLItdt 4x107°
Eight-Step Ity 8 x 10711

Table 5: False asymmetry due to an exponentially decaying signal for three neutron spin-flip se-
quences. The signal has an initial magnitude of 1 x 107® and a time constant of 100 times the
spin-flip interval.

We can then estimate the systematic asymmetries from these effects by assuming the drifts are
exponential and uncorrelated between different detectors. We note here that correlations tend to
reduce the size of the effects. We further assume a maximum rate of temperature change of 1 degree
C per hour. In the case of an eight-step sequence with a spin-flip rate of 20 Hz, this estimate gives
a false asymmetry of 2 x 10722 for the intrinsic term and 2 x 10715 for the temperature-dependent
term, well below our expected statistical uncertainty.

4.3 Online Diagnostics

4.3.1 Identification of Systematic Effects: TOF Dependence and Target Depolariza-
tion

At a pulsed neutron source, there is a relation between the arrival time of the neutron after the
proton burst strikes the target and the neutron energy: E o< 1/t%. The relation between the neutron
energy and the timing of the gamma ray signal is blurred somewhat by the distribution of moderation
times of the neutrons in the cold moderator and the hydrogen target (which averages about 100 us),
but this effect is small in comparison to the arrival times of the low energy neutrons of interest (of
order a few milliseconds). Therefore the time dependence of the gamma ray signal can be correlated
with the incoming neutron energies.

The parity-violating analyzing power A, in @ 4+ p — d 4y is energy independent for low energy
neutrons. If there were no depolarization of the neutrons in the para-hydrogen target, the time
dependence of the parity-violating asymmetry would result only from the time dependence of the
neutron polarization. As noted in the introduction of section 3, however, neutrons with energies
above 15 meV are strongly depolarized before they capture. The time dependence of the parity-
violating asymmetry should therefore follow the time dependence of the beam polarization for long
time-of-flight, corresponding to neutrons with £ < 15 meV, but decrease significantly for shorter
time-of-flight, corresponding to neutrons with £ > 15 meV.

Both of these features, the time dependence of the asymmetry and the energy dependence of
the neutron depolarization, are very useful for isolating and identifying systematic effects. Different
systematic effects possess different dependences on neutron energy. For example, a systematic effect
associated with neutron beam motion due to the Stern-Gerlach effect in the gradient magnetic field
grows as the square of the time spent in the field gradient, and thus increases as a function of
time-of flight. On the other hand, a systematic effect from Mott-Schwinger scattering grows with
incident neutron energy and therefore decreases with time-of-flight. Each systematic effect has a
characteristic time signature that can be used as a partial means of identification, and most of these
time signatures are different from that expected from the true asymmetry.
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The neutron depolarization above 15 meV not only effectively turns off the parity violating signal:
it also must turn off all systematic effects that require the neutrons to be polarized in the para-
hydrogen target. For example, Mott-Schwinger scattering effects in para-hydrogen, bremsstrahlung
from parity-violating beta decay of “Li formed from polarized neutron capture in the target liner,
and the parity-conserving asymmetry must vanish above 15 meV. On the other hand, systematic
effects not associated with hydrogen, such as Mott-Schwinger scattering and bremsstrahlung from
parity-violating beta decay of window materials before the target, will still be present at neutron
energies above 15 meV.

The combination of these diagnostics is an important tool for identifying sufficiently large system-
atic effects that either have been overlooked or underestimated in our analysis. We have indicated
in the systematic effects section both the expected time dependence of the systematic effect and
whether or not it turns off as the neutrons are depolarized in the target above 15 meV.

4.3.2 Target Diagnostics

Two properties of the target must be ensured. It is essential that the ortho-hydrogen content in the
target remain small, to minimize neutron depolarization before capture. In addition, it is important
to verify that the neutron polarization upon capture in the target behaves as expected in order to
make full use of the time-of-flight diagnostic technique for systematic effects described above.

There are two convenient ways to monitor the ortho-para ratio of the target. For a 20 K lig-
uid hydrogen target held at atmospheric pressure the equilibrium concentration of para-hydrogen is
99.8%. This concentration can be measured with a gas thermal conductivity cell. One measures the
resistivity change of a wire in thermal contact with the gas. The technique exploits the significant
difference between the thermal conductivities of ortho and para hydrogen gas [83, 84]. The mea-
surement accuracy of this technique is about 0.4%. This method suffers from possible changes in
the ratio due to conversion on the tube walls during extraction of the gas. In addition, it may not
be compatible with the safety requirements for the target.

Another solution is to allow a fraction of the forward scattered neutrons in the target to escape
the Li neutron shielding and reach a beam monitor behind the target. The beam monitor can be
used to see changes in the relative concentrations of ortho-hydrogen and para-hydrogen in the target
(and in the neutron cold source). This is possible due to the very large difference in neutron cross
sections for the two species at low neutron energies (see figure 21). At 4 meV neutron energy, for
example, the ortho-hydrogen cross section is larger than the para-hydrogen cross section by a factor
of about 20. Furthermore, this cross section ratio changes as a function of energy in a known way
in our energy regime. For a small change in the ortho-hydrogen concentration of the target, the
fractional change in transmission is therefore larger (by the same factor) than an equivalent change
in the target density. Doubling the 0.2% equilibrium ortho-hydrogen concentration in the target, for
example, leads to a 10% decrease in the transmission at 4 meV. This monitoring method is more
direct and is completely compatible with liquid hydrogen safety requirements. The transmission
method is sensitive to ortho-para changes in the cold moderator as well. Changes in the efficiency
of the cold moderator are expected to be smaller for a given change in ortho concentration than
changes in the para-hydrogen target transmission. We will verify this expectation with empty-
target measurements soon after the cold moderator is operational. Once the steady-state properties
of the moderator and target are established, a time-independent transmission spectrum is sufficient
verification that the ortho concentration is acceptable.

The appropriate beam monitor for this task would need to possess an efficiency with known
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Figure 21: Measured scattering cross sections for neutrons on para-hydrogen (circles) and neutrons
on normal (75% ortho-) hydrogen (squares). The solid line is the cross section for n—p capture. [85].
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energy dependence. The two practical ways to achieve this goal for low energy neutron beams are

1. to use a “thin” detector and exploit the 1/v dependence of neutron absorption cross sections,
and

2. to use a totally absorbing detector.

In the latter case current mode detection may be required due to the high rates. A low Z target
is also preferred to reduce sensitivity to the intense gamma flash from the spallation burst and to
capture gammas from the source. Such a beam monitor has already been developed by the TRIPLE
collaboration [86]. It is a dual ion chamber with 3He and *He as the working gases. The signals
from the two ion chambers are subtracted to remove the gamma-induced component of the signal.

Information on the neutron polarization before capture is more difficult to obtain experimentally.
The ideal approach would be to introduce a liquid that depolarizes neutrons in the same way as para-
hydrogen and possesses a nuclear species with a large parity-violating asymmetry. 3°Cl possesses a
parity-violating gamma asymmetry integrated over the neutron capture gamma spectrum of 2 x 10~°
[87], which is large enough to collect counting statistics in a short time. Cl is a component in several
room-temperature liquids. No liquid containing this I = 3/2 species will reproduce the full energy
dependence of neutron depolarization produced in the para-hydrogen target, however. To the extent
that the depolarization could be calculated for some liquid with 33Cl, it would certainly be useful
as a demonstration of the techniques described above.

The polarization of the neutrons leaving the target carries some information on the energy
dependence of the depolarization process. One can analyze the polarization of forward scattered
neutrons as a function of energy using a polarized *He analyzer and a transmission detector. Similar
measurements have recently been performed at LANSCE in an effort to determine the absolute
neutron beam polarization produced by a polarized 3He target [88]. Only a relative transmission
measurement is required [40]. This measurement would give a upper bound as a function of energy
on the neutron polarization before capture. In addition, such a measurement can be used as a check
on a theoretical calculation of the depolarization.

4.4 Auxiliary Measurements

Auxiliary measurements to test for and limit possible systematic errors can be divided into two
broad classes. The first class are those measurements done “on-line”, that is, while @ +p — d + ~
data is being acquired.

Because of the geometrical suppression expected by the left-right and up-down symmetries of
the detector, any observed left-right current asymmetry (expected to be 2 x 10~? due to a parity
conserving n—p interaction, see section 4.2.2) can be divided by 100 to get the possible contamination
to the up-down (parity) current change correlated with the neutron spin reversal.

It will also be important to determine whether there is any change in neutron trajectory correlated
with the spin flipper operation. Such a trajectory change could give a false parity signal because
the gammas created by the neutron capture will have a spatial distribution, hence a different solid
angle at each detector. The change in count rate R between the two detectors, for a point source
located between them at a distance d from each, is given by the change in solid angle AQ to each

detector:
1 1 46

AR AR 5 ~ @ or ~ @

(42)
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or a fractional change of
AR 40
R 4’
which is a first order change in a small transverse displacement §. Such an effect can be isolated by
appropriate reversals of the polarizer and guide fields. This effect can also be measured by increasing
the distance from the spin flipper to the target, although this will likely result in reduced statistical
accuracy because of neutron loss due to beam divergence.

The trajectory change can be determined with better accuracy by use of an off-line measurement;
if a knife edge is placed in the neutron beam a long distance from the flipper, any net trajectory
change will be evident by a change in count rate. In fact, if the guide field terminates somewhere
near the flipper (normally the hydrogen target is placed in the guide field), as the neutrons leave
this field, they will experience a transverse force that should be easily evident by a change in the
knife-edge detector count rate. The limit on a possible spin-correlated systematic can be readily
determined by the appropriate length and magnetic field change scalings.

Effects of spin-correlated bremsstrahlung from neutron capture beta decay can be amplified by
a large amount. For example, the liquid hydrogen target can be substituted with a large solid
aluminum slug, in which case a systematic signal correlated with, for example, the hydrogen vessel
input window could be amplified by a factor of 100,000. In fact, any material, used in the construction
of the apparatus and that comes in contact with polarized neutrons, could be tested in this manner.

Systematic changes in system gain correlated with operation of the spin flipper can be discrimi-
nated by an appropriate flip sequence. However, any such effect could be directly tested by blocking
the neutron beam and setting the photo-detector currents to their operating value by exposing them
to a weak constant light source. The shot noise associated with this current would be an order of
magnitude less than that from the neutron gamma capture photo-current.

Similarly, the change in background and pickup associated with operation of the spin flipper can
be easily determined by blocking the neutron beam and measuring the dark current correlation.

Finally, the system can be calibrated by substituting the liquid hydrogen target with a material
with a large and well-know capture gamma ray asymmetry; an excellent candidate is carbon tetra-
chloride. The gamma asymmetry for polarized neutron capture on 33Cl is approximately 2.5 x 10~?;
a cell containing one cold neutron mean free path (about 1 cm) of this material could be used to
accurately test and calibrate the apparatus in a few minutes of running.

(43)

5 Progress to Date

5.1 Test Run

A proof-of-principle test run has been performed using unpolarized thermal neutron capture on
polyethylene. This arrangement was selected as it produces approximately the same rate of 2.2 MeV
gammas as we expect in the actual experiment. The primary purposes of this test were to verify
that the electronic noise of the detector system can be reduced below the quantum fluctuations in
detector current from counting statistics, and to measure the sensitivity of the detector efficiencies
to magnetic fields. For the test an array of 12 CsI detectors similar to what will be used in the
actual experiment was used.

In the test experiment, a 15 cm diameter by 5 cm thick target of polyethylene, supported by
a cylindrical polyethylene shell, was placed in a 10 cm diameter neutron beam. The 12 CsI detec-
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tors were arranged around the target in an annulus having an inner diameter of 20 ¢m, an outer
diameter of 40 cm, and a length of 13 cm. The detector array was centered approximately 6 m
from the spallation neutron source and subtended a solid angle of 3.0 sr relative to the target. This
arrangement is shown schematically in figure 22. The light of scintillation from the CsI crystals was
viewed directly by individual phototubes (Hamamatsu R5004), which had their signals taken from
the photocathodes. All other phototube elements, including dynodes, were connected to a battery
and biased to +90 V with respect to the cathodes.

Polyethylene Shell

Polyethylene Target

Neutron Beam

Photomultiplier

Csl Detector

Figure 22: Experimental arrangement for the test experiment, showing the neutron beam, polyethy-
lene target, and Csl detectors.

Two different electronic configurations were tested. In the first, only two individual phototubes
were connected to low-noise preamplifiers attached directly to the phototube sockets. The amplified
signals then went to a NIM module that formed sum and difference signals. This arrangement
was used to measure the electronic noise and is similar to the design of the actual measurement,
where each photocathode will have an individual amplifier. In the second configuration, the detector
photocathodes were connected together in two groups of six. These two signals then went to external
preamplifiers and then to the sum and difference amplifiers, as described above. This arrangement
was used to study fluctuations in the capture gamma flux, due to effects such as beam intensity and
position modulations. With this arrangement, we could measure the spectral density of the beam
noise.

The detector electronics used for the noise measurements are shown in figure 23. The circuit
consists of two low-noise current-to-voltage (IV) amplifiers, followed by stages that take the sum and
difference of the two voltages. The IV amplifiers where designed using AD745A op-amps. These
op-amps have a typical voltage noise density of 2.9 nV/ VvHz and a typical current noise density
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of 6.9 fA/VHz at 1 kHz. The 10 MQ feedback resistor gives a DC gain of 10 V/uA. A 10 pF
feedback capacitor combined with an external low-pass filter limit the 3 dB bandwidth to 3.0 kHz.
This corresponds to a time constant of approximately 50 us. Precision resistors (0.1%) with low
temperature coefficients (20 ppm/°C) are used in the IV, sum, and difference amplifier stages. The
sum circuit was designed to have an overall gain of 10 V/uA, and the difference circuit a gain of
1.0 V/nA. The spectral density measurement, used the same circuit with the preamplifier gain
reduced by a factor of 50, and the bandwidth increased to 160 kHz.

10 pF

% 1M

T
o— | 100 k 10k
, - Dif
—e————0O
AD745A +
1 10 nF OP-37E
- 1k — 10k
L 1M
I 10 pF -
i 1
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AD745A 10k +

10 nF OP-27E

Figure 23: Diagram of the detector front-end electronics for the test experiment.

5.1.1 Current-Mode Signal

Several measurements were performed to ensure that the observed detector current for the full
array, 0.56 pA for 1 eV neutrons, was consistent with calculations based on neutron capture gamma
rays from hydrogen in the polyethylene target. This number is the product of the neutron flux,
the probability for the neutron to capture on a proton, the probability that the capture produces
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a gamma ray that absorbs in the detector, and the charge per gamma ray that appears at the
photocathode. The instantaneous flux of 1 eV neutrons on the target could not easily be measured
directly. Instead, a flux of 5 x 1019 s=! was inferred from a measurement of the count rate in a
totally-absorbing 6Li scintillator, 1 cm in diameter, located 56 m from the spallation target. At this
location and neutron energy the count rate, 10.8 kHz, was low enough to use normal pulse-counting
methods.

A Monte Carlo calculation was performed to estimate the fraction (approximately 60%) of in-
cident neutrons that capture on protons in the polyethylene target after moderation. Most of the
remaining neutrons backscatter from the target. The mean transport path for thermal neutrons in
polyethylene used in the calculations, 5 mm, was verified by relative transmission measurements.
The prediction for the amount of backscattered neutrons was tested by moving the location of the
target relative to the detector array and observing that the target position that gave the largest
detector signal was located about 6 cm downstream from the center of the detector annulus. The
large size of the signal at this position, about 2.5 times larger than the signal for the target centered
on the array, was attributed to backscattered neutrons that capture on the protons in the cylindri-
cal polyethylene support structure for the target (gamma rays from the support are closer to the
detectors and have a larger solid angle).

Since the solid angle was known, the only remaining quantity needed to calculate the detector
current is the number of photoelectrons produced in the CsI detector’s photocathode by the 2.23 MeV
gamma ray. This number was determined by two independent methods. First, the polyethylene
target was replaced by a totally-absorbing In target. Indium possesses a large neutron resonance
at 1.46 eV, which decays primarily by gamma emission. Using the measured detector current at
the resonance, we inferred a value of 70 photoelectrons per MeV of deposited gamma ray energy.
This number was consistent within errors with the value of 65 photoelectrons per MeV inferred from
previous measurements of the energy resolution of the CsI detectors for the gamma rays from a
60Co source. The number of photoelectrons per MeV was calculated under the assumption that the
energy resolution is dominated by the statistical fluctuations of the number of photoelectrons.

Based on this combination of measurements and simulations, the predicted detector current for
the full array is about 0.5 £ 0.1 pA for 1 eV neutrons. The agreement with the measured value of
0.56 pA has two consequences: 1) the current mode signal is indeed dominated by gamma rays from
neutron capture on protons, 2) the value for the number of photoelectrons per MeV in the detector
is determined. This value is needed to calculate the expected amount of noise in the detector array
due to current shot noise from neutron counting statistics.

5.1.2 Electronic Noise

Using a digital oscilloscope, the electronic noise was measured for the sum and difference outputs.
The noise in the sum output was 760 uVrms. Referred to the input, this corresponds to 1.4 pA/ VHz.
The difference output had 110 uVrms of noise, corresponding to 0.2 pA/ vHz at the input. It is
useful to compare the difference noise to the rms shot noise created by the quantized nature of the

expected detector signal
L/ = V2, (44)

where ¢ is the charge generated in the photocathode per gamma and I is the photocathode current.
Using the expected values g & 150e and I ~ 100 nA, we obtain I,/v/f =~ 2 pA/vHz, a factor of 10
greater than our electronic noise. Calculations with a SPICE model of the preamplifier indicate that
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an electronic noise of just 13 fA/v/Hz should be obtainable. We attribute the excess noise observed
in our test to be from 60 Hz pickup. This contribution will be reduced with improved electrostatic
shielding. More progress has been made on reducing the preamplifier noise since the test run (see
section 5.2). In addition, the CsI(T1) detectors that will be used in the experiment will produce
approximately 500 electrons per gamma, which will also improve the ratio of electronic noise to
statistical fluctuations.

5.1.3 Spectral Density

Periodic variations in beam parameters can produce false asymmetries. These effects include fluctu-
ations in beam intensity and position, which are expected to dominate over other terms. Because of
this, the experiment has been designed so that these terms do not contribute to a false asymmetry
in first order. Since the experimental asymmetry is formed by taking the difference between up and
down detector currents, the two currents are measured simultaneously, making the apparatus quite
insensitive to incident flux variations. Second, the azimuthal symmetry of the apparatus suppresses
the contribution from beam motion. While such effects do not lead directly to false asymmetries,
it is possible for them to contribute in higher order. For example, beam motion combined with
detector-efficiency differences can give a non-zero effect. For this reason, it is important to know the
size of the fluctuations in beam parameters.

We measured the influence of these fluctuations on the detected signal and set an upper limit for
their contribution. We sampled the difference signal from the detectors every 50 ms for a 20 minute
period while the spallation source operated in a steady-state mode. This was done by integrating
the voltage for 1 us every beam pulse The autocorrelation function of the difference signal, f(7) =
(i(t)i(t — 7)) was then calculated. The Fourier transform of this quantity, F(w) = fj;o f(r)e™Tdr,
is the spectral density of the intensity fluctuations of the neutron source as filtered through the
difference signal of interest. There were no periodic sources of noise observed in the 0-10 Hz range
(fig. 24). The upper limit of this range is set by the sampling rate, which is in turn limited by
the pulse spacing. Because the signal bandwidth (160 kHz) was larger than this upper observable
frequency, the noise above 10 Hz is aliased into the 0-10 Hz range. Correcting for this effect, we
estimate an upper limit of 5 fA/ vHz on beam-induced fluctuations on the difference signal.

5.1.4 Detector Sensitivity to Magnetic Fields

The sensitivity of the detectors to magnetic fields was measured by applying a 10 G magnetic field to
the detectors using a pair of Helmholtz coils and reversing the field at 0.1 Hz. The field was oriented
parallel to the photocathode surfaces of the photomultiplier tubes in an attempt to maximize the
size of the effect. The observed change in the detector efficiency was 2 x 103 G~1. This is about
five orders of magnitude smaller than one would expect for a typical photomultiplier tube operated
in the normal fashion with high voltage on the dynodes.

5.2 Development of the Detector Electronics

As discussed in section 5.1, the development of low-noise electronic amplification of the detector
photo-cathode signals is crucial to the success of the experiment. Fortunately, we have succeeded
in designing and testing op-amp based current-to-voltage preamplifiers that exhibit approximately
250 times less noise than expected from the actual signal. The performance of the preamplifiers was
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Figure 24: Spectral density of the detector difference signal, due to fluctuations in the neutron beam
parameters.
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verified in the test run, and further improvements were then made in bench tests. A two-channel
prototype sum and difference amplifier set was used for these tests.

In the test run, the electronic noise was measured to be 0.2 pA/ VHz at the input. This is a
factor of 8 smaller than the rms shot noise corresponding to counting statistics at the lowest neutron
flux. Further improvements since the test run, primarily from improved electrostatic shielding, have
reduced the current noise density to just 20 fA/vHz (figure 25), a factor of 250 smaller than the
signal shot noise.
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Figure 25: Current noise density measured from the current-to-voltage preamplifier and referred
to the input. The dashed line indicates the level of noise from the measurement apparatus. The
frequency response of the preamplifier was externally limited to 3 kHz. Note that the large value at
zero frequency corresponds to the DC signal.

5.3 Computer Modeling
5.3.1 Neutrons in the Liquid Para-Hydrogen Target

We have modeled the transport of the neutrons in a liquid para-hydrogen target using both MCNP
and a home-written code. The scattering kernel reproduces the measured dynamic structure factor
d*c /dQdE of liquid para-hydrogen where it has been measured [89]. These calculations seek to
determine

1. what are the optimal dimensions of the hydrogen target, and
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2. how quickly do the neutrons depolarize in the target at incident energies (> 15 meV) that are
high enough to excite the para-hydrogen molecule.

The target dimensions can be estimated from the need to stop and capture neutrons of a few
meV kinetic energy. The neutron transport in the target can be thought of as being composed
of two steps: first the neutrons reach equilibrium with the target, and then they diffuse in the
target until they escape or capture. We can perform a crude estimate as follows. The mean free
path [ = 1/nos for 4 meV neutrons in para-hydrogen is about 9 cm, and one expects the average
number of collisions before capture, N = o;/0,, to be about 2.5 for 4 meV neutrons. oy, oy, and o,
are the total, scattering, and absorption cross sections. The mean distance to capture is therefore
IV/N = 14 cm. However, this estimate does not include all of the dynamics of the process, such as
the angular dependence of the scattering and the energy transfer. To obtain an estimate including
these factors, we performed Monte Carlo calculations. The results of the calculation show that a
target with a radius of 30 cm and a length of 30 cm is sufficient to capture 60% of the incident
neutrons.

The average scattering angle as a function of incident neutron energy is shown in figure 26. Monte
Carlo simulations show that above 10 meV the average scattering angle varies from 75-60 degrees
as the energy increases. Figure 26 also shows the average energy loss for the initial scattering event
as a function of incident neutron energy. Above 10 meV, the incident neutron loses on average 3/4
of its initial energy in the first collision.

In order to understand the implications of these results, it is convenient to divide the neutrons
into two classes: those above 15 meV and those below 15 meV. Refer to figure 21, which shows the
energy dependence of the neutron scattering and absorption cross sections in para-hydrogen. After
1-2 collisions the average energy of the neutrons is below 15 meV. When this state is reached the
kinetic energy of the neutron is not far from that of the molecules in the target, and so one expects
the neutron motion to become isotropic. Below 15 meV the average number of scatterings before
capture is similar, and it varies slowly as a function of neutron energy for the range of incident
neutron energies in the beam. We therefore expect that we will need to make the target about twice
as long along the beam direction as it is wide due to this “free streaming” of the beam in the forward
direction prior to the first scattering.

Figure 27 shows the fraction of incident neutrons that produce capture gammas in a cylindrical
target as a function of target dimensions. We assume a 10 cm x 10 cm beam with the expected
energy distribution from the planned LANSCE cold moderator. About 60% of the incident neutrons
capture in the hydrogen. Given the slow rate of increase of the capture efficiency of the target with
increasing size, we have settled on a 15 cm radius and a 30 cm length as the design dimensions for
the target. Of the neutrons that do not capture in the target, about 10-15% backscatter or diffuse
out the front of the target, 5% are transmitted, and the rest leak out radially. These results for the
fraction of neutrons that capture in the target are consistent with the experience of the previous
attempt to measure parity violation in 7 + p — d + v performed at the ILL [10].

The issue of neutron depolarization can be discussed qualitatively as follows. As mentioned
above, the ground state of the hydrogen molecule, para-hydrogen, has J = L = S = 0, and the
first excited state, ortho-hydrogen, is at 15 meV. Neutrons below this energy cannot excite the
para-hydrogen molecule so only elastic scattering is allowed, and spin-flip scattering is forbidden.
The neutron polarization therefore survives the scattering events that occur before capture. (In
fact, there is a small amount of depolarization due to the presence of ortho-hydrogen and deuterium
impurities: we estimate that one retains 98% of the incident polarization if one assumes a 0.2% ortho-
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Figure 26: Monte Carlo calculation of the average scattering angle (top) and average energy loss
(bottom) of neutrons in para-hydrogen as a function of neutron energy.
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Figure 27: Monte Carlo calculation of the fraction of neutrons producing capture gamma rays in
the para-hydrogen target for target radii of 10 (open triangle), 15 (open square), 20 (open circle),
25 (filled square), and 30 cm (filled circle).
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hydrogen concentration. There will also be a small amount of depolarization from the deuterium
impurities in the target). Higher energy neutrons will undergo spin-flip scattering and will depolarize.
We therefore expect the neutron polarization before capture to be high below 15 meV and to fall
sharply above 15 meV as spin-flip scattering becomes possible.

A complete calculation of the spin-flip scattering probability of a polarized neutron from a hydro-
gen molecule must take into account all of the details of the rotational dynamics of the molecule in
the liquid and is rather involved. However, we can perform a calculation that sets an upper limit on
the ratio of the spin-flip scattering to the total scattering as follows. It is easy to derive the following
expression for the cross sections for spin-flip and no-spin-flip scattering from a single isolated nucleus
[90]: Onofiip = 0c+1/30; and o515, = 2/30; where o, and o; are the coherent and incoherent neutron
scattering cross sections. When coherent scattering is dominant, the depolarization is small. When
incoherent scattering is dominant, as it is for the higher energy neutrons on hydrogen, the beam is
quickly depolarized.

We have performed a Monte Carlo calculation of the neutron polarization upon capture as a
function of incident neutron energy for this extreme case. The results are seen in figure 28. The
results can be understood as follows. The neutrons with energy greater than 15 meV, which are
susceptible to depolarization quickly (within 1-2 collisions), lose enough energy that their kinetic
energy falls below 15 meV, where they are safe from further depolarization before capture. In the
incident energy range from 15-50 meV, the neutrons undergo one scattering event that brings their
energy below 15 meV, and so the final polarization upon capture is close to the theoretical extreme
of —1/3, that is, the polarization decreases and is reversed. At higher energies where one gets on
average two scattering before falling below 15 meV, the polarization is positive again and down by
another factor of 1/3.

This crude estimate effectively treats the atoms in the molecule independently and so is expected
to be accurate only for higher energy neutrons. It will fail in the intermediate energy region, and
more sophisticated calculations need to be performed. We intend to pursue an approximation in
that only the effects of the L =0, S =0to L =1, S = 1 para-ortho transition is taken into account,
since it is the dominant feature in the rise in the scattering cross section above 15 meV. We will use
the free rotor approximation for liquid hydrogen (the Young-Koppel model) in this estimate. It is
important to verify the understanding of the depolarization mechanism by analyzing the transmitted
neutron polarization behind the hydrogen target.

5.3.2 Modeling of CslI Detector Array

The goals for the modeling of the gamma detector array are
1. to calculate the acceptance,
2. to model the electron-photon shower and determine its relevant properties,

3. to determine for each detector the average fraction of energy that is deposited and the fluctu-
ations in this average.

Our proposed segmented gamma detector contains 48 cubes of CsI, 15 cm x 15 cm x 15 cm. The
15 cm thickness corresponds to 3 mean free paths for 2.2 MeV gamma rays. Figure 17 shows the
arrangement of the crystals relative to the central volume of the liquid hydrogen target. We have
calculated the fraction of gammas from the target that are stopped in the array using the MCNP
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Figure 28: The top panel shows a Monte Carlo calculation of the average number of neutron scat-
terings before capture (solid), scatterings with final E, > 15 meV (dashed), and scatterings that
cause neutron spin flip (dotted) The bottom panel shows a Monte Carlo calculation of the average
neutron polarization at capture, assuming an initial polarization of 1.
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Monte Carlo. We calculate this fraction both for the isotropic component of the capture-gamma,
distribution and for the parity-violating component, which has a cos(d) angular distribution with
respect to the neutron polarization. The results as a function of the length of the array are shown
in figure 29. For the proposed array size (60 cm), we accept 87% of the gammas associated with the
parity-violating component of the signal.

Fraction Detected
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o
\
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Figure 29: Monte Carlo calculation showing the fraction of gammas detected from parity-conserving
(triangles) and parity-violating (squares) events as a function of detector length. The proposed
length is 60 cm.

One needs to know the width of the electron-photon showers in the detector in order to know
how much of the initial energy of a gamma ray that strikes a particular detector is distributed
to neighboring detectors. We are performing simulations using the EGS4 code to see the spatial
distribution of the energy deposited by a 2.2 MeV gamma in Csl detectors of our dimensions.
Results are incomplete. We expect the transverse dimensions of the gamma shower to be near the
Moliere radius of 2.73 cm, which sets the scale for the transverse size of electron-photon showers for
higher-energy gamma showers.

It is important to understand the fluctuations in the average energy deposited per gamma. In
normal gamma ray spectroscopy, the full energy of the gamma is typically deposited in each event.
For N events in a narrow energy region corresponding to the full energy peak the fractional statistical
error is simply 1/ V/N. In current mode counting, however, all of the gamma events, whether or not
they deposit their full energy, contribute something to the detector current. Thus the fractional
statistical error in the detector current is larger than 1/ VN for N incident gammas and depends on
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the distribution of energy deposition in the detector.

Consider the asymmetry A, = (Q2 — Q1)/(Q2 + Q1), where Q1 and Q> are the total charge from
the detector with and without spin flip (approximately equal in our case, since the asymmetry is so
small). If ¢ is the charge deposited from one incident gamma and there are N incident gammas in
one of the spin flip states, then the fractional statistical error in A, is /(1 + (¢2)/(g)?)/2N [91],
which only reduces to the usual counting statistics estimate if there are no fluctuations in ¢q. This
extra contribution to the noise must be small relative to the usual v/N counting statistics in order
for the predicted statistical accuracy of the experiment to be justified.

In our test experiment, we were able to place a constraint on the following effects

1. fluctuations in the scintillation light output for a given gamma ray energy due to the statistical
nature of the conversion process,

2. variations in the light collection efficiency from different locations in the detector,

3. fluctuations in the amount of energy deposited in the gamma detector due to energy escaping
the detector, and

4. fluctuations in the number of photoelectrons produced at the photocathode by the light.

This constraint applies for the smaller (approximately 7 cm x 10 cm x 15 cm) Csl detectors coupled
to the photocathodes of Hamamatsu R5004 phototubes used in the test. By comparing the measured
detector current noise to the rms shot noise I/v/f = /2¢I expected from VN counting statistics, we
determined /1 + {g?)/{q)? = 1.5. For the larger crystals that we propose to use in the experiment,
we expect the contribution to the charge variations from this mechanism to be smaller. Simulations
are in progress.

5.4 Neutron Guide and Shutter

The experiment requires a 10 x 10 cm? cross section neutron guide in order to achieve the proposed
statistical accuracy in one year (live time). At MLNSC, the new bulk shield penetrations viewing
the new LHy moderator (flight paths 12 and 13) were sized to use mercury shutters. They were not
made to accommodate a neutron guide and a proper shutter system because of the limited space. We
have been cooperating with LANSCE on the design of the new guide and shutter system. We have
a conceptual design consisting of two separate neutron guide sections; one inside the existing bulk
shield penetration and another in the external shutter mechanism that is enclosed in its shielding,
as shown in figure 30.

The neutron guide inside the biological shield will be constructed in two sections that have to
be externally aligned and then moved into position as a single unit. Both sections will consist of
four super-mirror plates bonded to the inside of a precision glass cylinder to form a 10 x 10 cm?
cross section guide. The cylinder provides support and rigidity for the thin (few-millimeter) super-
mirror plates. The outer section will be supported in a steel frame, while the inner section will be
cantilevered from the frame. This arrangement is necessary because the small diameter of the shield
penetration near the interior does not allow space for any support structure. Engineering calculations
confirm that this design will safely support the guide with acceptable sag and misalignment. The
entire guide will be enclosed in a thin aluminum envelope, which will isolate the experiment from
the spallation target vacuum and allow for helium gas cooling of the guide. Such cooling may be
necessary to keep temperature of the guide below 80°C, where diffusion of the multi-layer surfaces
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becomes possible. It is thought that elevated temperatures are more harmful to the guide than
radiation damage. In any case, the mounting system will be designed to allow replacement of
damaged guide sections.

The shutter mechanism will consist of a steel block, about 1.5 m long, with a penetration for a
neutron guide, similar to the guide section inside the biological shield, to transport the beam when
the shutter is open (the upper position). In the shutter closed position (the lower position) the
beam will interact with the beam stop, a combination of polyethylene and steel layers surrounded
by tungsten as indicated in figure 30. The shutter will be raised and lowered by pneumatic cylinders,
and precision fixtures will establish the relative alignment of the fixed and movable guide sections
when it is open. To keep the radiation levels to an acceptable level at the experimental room, the
shutter mechanism has to be enclosed within a proper designed radiation shield.

6 Progress Expected in the Near Future

During the next MLNSC production cycle, we are planning a test experiment that will test several
pieces of the experimental apparatus and will measure the sensitivity to as many systematic effects
as possible. Since the beam line required for the final experiment will not be available, these tests
will be done on an existing cold neutron beam line. We will construct a test apparatus consisting
of 4 of the full complement of 48 detectors. The detectors, each a 15 cm cube of CsI(T1) as in the
full experiment, will be placed symmetrically up, down, left, and right around a polyethylene target.
This target will be chosen to have the same diameter and hydrogen thickness as the LH, target.
This test setup will allow for the development and test of the data acquisition system, as well as
tests of many systematics.

The test will proceed in stages. In the first stage, bench tests will be performed, both with and
without gamma sources, to test detector performance, data acquisition, noise levels, and electronic
pickup. During this phase, the VME DAQ development will be completed. Stability of the detectors
and associated electronics with temperature, time, and magnetic field will be established. Using light
emitting diodes, we will measure the system linearity. In the second stage, the apparatus will be
moved to an existing cold neutron beam line, with the beam being captured in the polyethylene
target. This will allow systematic tests for asymmetries associated with drifts and with beam
intensity and position modulations. In third stage, the beam will be polarized by a small *He
polarizer. Tests for false asymmetries associated with neutron polarization will be conducted. In
addition, development and testing of the RF spin flipper, magnetic guide field, and full-scale *He
polarizer will be conducted.

At the end of this series of tests, all major components of the experiment, with the exception
of the LH, target®, will have been tested. In addition, the sensitivity of the apparatus to most
systematic effects will have been established.

7 Conclusion
The parity violating asymmetry A, in @ 4+ p — d + v can be measured to a statistical accuracy of

5 x 1072 in one year of data at the upgraded version of LANSCE now under construction. The
systematic errors will be held below the statistical errors by creative use of the time structure of

3The development of the LH> target will proceed in parallel, but will not require a neutron beam.
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a pulsed neutron source. A unique feature of this experiment is that A, determines the weak NN
coupling H! with negligible uncertainty due to nuclear structure. The proposed measurement of H}
will

1. unambiguously determine its value,
2. determine the longest range and most important of the weak NN couplings,

3. provide an essential step in over-constraining the weak NN couplings and testing the meson-
exchange picture of the weak NN interaction, and

4. test QCD modifications of quark-quark neutral currents in bound systems; mesons and nucle-
ons. The implications of the measurement of A, in @+ p — d + v are discussed in more detail
in section 1.8 at the end of the introduction.
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A Budget and Manpower

The total request from DoE is $1675k. The total budget of the project consists of $2128k of
unburdened capital equipment costs, which are itemized in table 6. Also shown is the responsible
institute for each item and its status. The plan for the funding is presented in table 7. As can be seen
from this table we are looking for funds from DoE, NSF, LANL, and the collaborating institutions.
In addition to the capital equipment costs there are also $100k per year of operational costs, as
indicated in table 8. All costs shown in the tables are unburdened. The operational costs will have
the full laboratory burden. The capital equipment burden on the DoE funds is indicated in table 7.

Ttem Cost (k) Institution Status
Signal Processing 75 LANL Design, prototype testing
Data Processing 53 LANL DAQ software development
Detector 464 KEK 4 crystals ordered, CsI and tube testing
3He Polarizer 148 Michigan Preliminary design, test of concepts
Super Mirror Polarizer 40 NIST Backup for ®He, sources contacted
Spin Flipper 24 LANL Prototype in fabrication
Spin Transport 25 Berkeley Design, spin transport modeling
LH, Target 221 NIST Conceptual design, preliminary quotes
Beam Monitor 8 Indiana Preliminary design
Shielding 273 LANL MCNP calculations, design
Clean Power and Grounds 30 LANL Preliminary design
Neutron Transport 700 LANL Design collaboration with LANSCE
Technician (0.5 FTE) 67 LANL
Total 2128

Table 6: Itemized capital equipment budget. Status of the item and the responsible institute is also
indicated.

Brief description of the items and contingencies:

Signal Processing This item includes front-end electronics, such as preamplifiers and differential
and summing amplifiers. The costs are reasonably well understood and therefore a contingency
of 5% has been added.

Data Processing This item includes the online data acquisition system and off-line data analysis
and data transfer devices. During the life of the experiment about three tera bytes of data will
be accumulated. It is important for the success of the experiment, that the outside collaborators
have fast access to the data. A 5% contingency has been used since the costs are known.

Detector The detector size is determined by the size of the LH» target and the interaction length
of the 2 keV gamma rays in CsI. The size of the individual crystals (15 x 15 x 15 cm®) matches
the crystal size resulting from the manufacturing process. This will reduce the costs because
no extra cutting is required. The cost of the detector is based on list prices and quotations. A
contingency of 5% is used.
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3He Polarizer The *He technology is known, but achieving 65% polarization is not trivial. We are
testing new ideas to increase the performance of the *He polarizers. Most of the components
have a list price. A contingency of 5% has been used.

Super Mirror Polarizer This system is a backup for the *He polarizer. The price is given by
the manufacturer. No contingency, if contingency is required it can be taken from the 3He
polarizer.

Spin Flipper This item is straight forward to build and the costs of components are known. A
contingency of 5% has been added.

Spin Transport This item includes a pair of “race track” shaped coils. The challenge is to match
the field of this pair with the field requirement of 3He polarizer and of the spin flipper. A
contingency is 5% has been added.

LH,; Target The liquid para-hydrogen density must be constant over the volume of the target,
therefore there must be no bubbles. This is achieved by maintaining the temperature of the
target below the boiling point with a closed-loop cryo cooler. Because of the n-27Al reaction
may create a spin-dependent asymmetry in the detector, the size of which is close to the
expected asymmetry from the np capture reaction, the parts of the cryostat that are exposed
to the neutron beam must be manufactured from zirconium. A contingency of 10% has been
added because of the effect of the use of zirconium on the costs is not well understood.

Beam Monitor This item is required for the beam normalization. The costs are known and there-
fore a contingency of 5% is used.

Shielding This item includes the shielding around the neutron guide and experiment. The final
costs of the shielding are mainly effected by two constraints. First, the experiment must be
located at a minimum distance of 15 m from the neutron source to provide enough room for
the apparatus. The 13 m long neutron guide must be shielded. Second, since this 10 x 10 ¢cm
guide directly views the moderator, allowing fast neutrons (> 1 keV) to reach the experiment,
a proper beam dump and a polyethylene-steel combination shielding around the experiment
are required to achieve the radiological levels defined by the facility. A contingency of 5% is
used.

Clean Power and Ground From experience we know that the facility power is too noisy for this
type of experiment and that there is no good ground available. We need to build both. No
contingency.

Neutron Transport This item includes a 13 m long neutron super mirror guide, a mechanical
shutter, and a frame definition chopper. A ~ 4 m long neutron guide with support will be
mounted inside the biological shield. The shutter includes a massive block of steel, a 2 m long
neutron guide, and a tungsten beam block. After the shutter we need to mount the frame
definition chopper and 7 m of neutron guide. The design of the neutron guide and shutter
mechanism is a collaborative effort with LANSCE. We plan to design a guide and shutter
system that will maximize the available neutron flux, and therefore be well suited to future
nuclear physics experiments, though not for neutron scattering experiments. At present we
only have a conceptual design and therefore a contingency of 20% has been added.
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Technician (0.5 FTE) During the peak capital equipment construction years (FY99 and FY00),
additional technician support, at the level of 0.5 FTE above the existing support, is required.

Proposed Funding Sources

Ttem Base Costs DoE New NSF New Collaboration

($k) (8k) (8k) (8k)

Signal Processing 75 70 5"

Data Processing 53 53

Detector 464 379 35* + 501

3He Polarizer 148 88 504 10

Super Mirror Polarizer 40 40

Spin Flipper 24 19 5*

Spin Transport 25 258

LH, Target 221 52 1007 + 50! 11* + 89

Beam Monitor 8 8

Shielding 273 132 141*

Clean Power and Grounds 30 30

Neutron Transport 700 369 331"

Technician (0.5 FTE) 67 67

Subtotal 2128 1307 200 621

LANL Capital Equipment Burden 368

Total 1675

*LANL

TKEK

¥Michigan

§ Berkeley

TIndiana

INIST

Table 7: Proposed funding sources.

The funding profile, shown in table 8, has been planned so that the main capital equipment
construction will take place in 1999 and 2000. The important milestone is the installation of the
shutter and neutron guide system. Installation will start during the January—February 1999 beam
break and finish during the September-November 1999. This timing allows the experiment to begin
beam-on systematic tests when the beam is available in February 2000. Most of the funding for the
3He polarizer and the LH, target needs to occur in 1999 so that these important components are
ready when the experiment starts to take data at the beginning of 2000. Some of the CsI crystals
must be ordered in 1999, and the rest in 2000. The goal is to have the full detector operational in
the middle of 2000.
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Year Capital Equipment DoE NSF Collaboration Operations
(FY) (3k) (k) (8k) (8k) (8k)
1998 250 65 0 185 20
1999 1279 654 200 426 70
2000 599 588 0 10 100
2001 0 0 0 0 100
2002 0 0 0 0 100
2003 0 0 0 0 100

Subtotal 2128 1307 200 621 490

LANL Capital Equipment Burden 368

Total 1675

Table 8: Projected profile for the capital equipment and operations budget.

Year Scientists Postdocs Students Technicians

(FY) (FTE) (FTE) (FTE) (FTE)
1998 7 3 4 15
1999 8 4 5 2.5
2000 8 4 5 2.5
2001 8 4 5 1.5
2002 7 4 5 1
2003 7 4 4 1

Table 9: Projected profile for the all personnel.

Year Scientists Postdocs Students Technicians

(FY) (FTE) (FTE) (FTE) (FTE)
1998 3 15 05 1
1999 3 2 1 1.5
2000 3 2 1 1.5
2001 3 2 1 1
2002 3 2 1 1
2003 3 2 1 1

Table 10: Projected profile for LANL personnel.
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B Schedule

The schedule for the experiment depends upon the availability of the construction part of the funding
and the availability of beam at MLNSC. The first important milestone is the installation of the
shutter and neutron guide for the nuclear physics beam line. This allows the start the important
testing of the systematics using the beam. The present plan is to start the installation of the shutter
and neutron guide during the January—February 1999 beam break and complete the mounting during
the September—November 1999 break. Our plan is to use this beam line for the first time starting
in February 2000, first to test the different components of the experiment, and then to begin taking
data in June 2000. In figure 31, we show the proposed schedule. The beam schedule is the present
plan for MLNSC production; it includes start up and tuning, lasting up to two months of each
running period. The facility has provided us with the plan for the MLNSC production only until
year FY2002. Systematics studies will be conducted both with and without the beam. The first
systematic studies will be done using the test beam line during the 1998 and 1999 run cycles.
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Figure 31: Proposed schedule indicating the design, construction, systematic test, and data collection
phases. Also indicated are the expected periods of production beam at MLNSC. The dotted line
represents the mounting of the neutron beam shutter and guide system, while the dashed line
indicates the earliest possible start of data collection.
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C.L.

Personnel

Los Alamos National Laboratory

Bowman Fellow. Extensive experience in the study of parity violation and fundamental sym-
metries: PV in compound nuclear reactions, PV in p—p interactions at 15, 800, and 6000 MeV.
Symmetry violating processes: y — e+ and u — e + v+ . Extensive experience in detector
development and methods to reduce systematic errors in symmetry tests.

. Greene Staff Member. Active in the field of precision measurements and symmetry test

with low energy neutrons for more than twenty years. Participated in the first observation of
P-violating neutron spin precession and in measurements determining the mass, lifetime and
magnetic moment of the neutron, among other activities.

. Hogan Staff Member. Extensive experience in particle and nuclear physics experiments.

Played a major part in the design, construction, and running of the MEGA (p — e + ) ex-
periment. Experience in hardware (chambers, complex gas systems, scintillators) and software
(analysis, databases, and stand alone DAQ systems) design and construction. Currently part
of the Proton Radiography project. Designed and coded the PC DAQ program, a Windows
based data acquisition program.

Knudson Staff Member. Participated in medium-energy nuclear physics research for more
than fifteen years. Active participant in a program studying parity violation in nuclear systems
for eight years.

Lamoreaux Staff Member. Extensive theoretical and experimental work in the applications
of atomic systems and cold neutrons to the study of fundamental interactions. Participated in
the most sensitive measurements of atomic and neutron electric dipole moments, and in the
measurement of neutron-nucleon weak interactions by spin rotation.

. Morgan Staff Member. Active in the field of nuclear physics at both low and intermediate

energies for over thirty years. Participated in numerous experiments, principally at Los Alamos
(LANSCE) and Oak Ridge (ORELA) in both pure and applied research in the field of neutron
physics.

Morris Fellow, Extensive experience in medium energy physics. Active in the fields of cold
and ultra cold neutron experimentation at LANSCE.

S.I. Penttila Staff Member. Studied for years parity violation with low-energy neutrons, extensive

experience in cryogenics and optically polarized 2He, years of experience in MLNSC and its
beam lines.

D.A. Smith Post-Doctoral Researcher. Active in research at Los Alamos for the past eight years.

Performed the final experiments measuring parity violation in the compound nuclear system,
along with auxiliary experiments into neutron resonance spectroscopy. Active in the develop-
ment and use of polarized 3He for the production of low-energy polarized neutron beams.
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T.B. Smith Post-Doctoral Researcher. Completed a Ph.D. using a polarized *He target to study
the spin structure of the neutron at SLAC. Participated in the Endstation A spin structure
program at SLAC since 1992.

W.S. Wilburn Staff Member. Active in the field of symmetry tests in nuclear physics, including
parity and time-reversal invariance. Precision measurements in few-nucleon systems. Mea-
surements of gamma emission from neutron-induced reactions.

V.W. Yuan Staff Member. Involved for 20 years in symmetry measurements in the nucleon-nucleon
system. Spokesman for the PV measurement in p—p scattering at 800 MeV. Helped start the
program at Los Alamos to study parity violation in compound-nuclear resonances. Has par-
ticipated in this program for 10 years. Currently is a co-principal investigator on experiments
to use the Doppler broadening of neutron resonances to dynamically (on a short time scale)
measure temperatures in material systems.

Petersburg Nuclear Physics Institute

A. Bazhenov Staff Member. Participant of the experiment for measurement of circular polariza-
tion of gamma-rays during the capture of polarized neutrons by para-hydrogen. Participant
in the Gatchina experiment searching for the neutron EDM. Involved in the development of
electronic hardware for fundamental experiments.

E. Kolomenski Staff Member. Participant in the 7i+p — d+ experiment which measured the P-
violating circular polarization. Also participated in the measurement of circular polarization of
gamma-rays from the capture of polarized neutrons by para-hydrogen. Involved in development
of Gatchina neutron EDM experiment.

A. Pirozhkov Staff Member. Participant in the 7+ p — d + v experiment which measured the P-
violating circular polarization. Also participated in the measurement of circular polarization of
gamma-rays from the capture of polarized neutrons by para-hydrogen. Involved in development
of Gatchina neutron EDM experiment.

A. Serebrov Professor. More than 25 year experience of work with cold polarized and ultra cold
neutrons. Participated in the EDM experiment with UCN from the beginning. Took mea-
surements of neutron lifetime with gravitational trap of UCN. Involved in measurements of
neutron beta-decay asymmetries with high precision. Conducted measurements of P-violating
effect of neutron spin rotation in vicinity of the resonance. Design and production of cold
neutron sources and ultra cold neutron sources.
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University of Michigan

T.E. Chupp Professor. Expertise in polarization and symmetry experiments, particularly polar-
ization of noble gases by laser optical pumping and polarized 3He neutron spin filters. Recent
experimental activity includes measurement of atomic electric dipole moments with optically
pumped masers, probing nucleon structure by electron scattering from polarized targets and
measurement of T-violation with polarized neutrons (emiT collaboration).

K.P. Coulter Assistant Research Scientist. Extensive experience in the production of polarized
noble gases (H, D, 3He, and ??Xe) for symmetry and nuclear physics experiments. These
include measurements of PV in compound nuclear reactions (including the first use of laser
polarized 3He as a neutron spin filter), nucleon spin structure using polarized electrons on
polarized targets, and T-violation in polarized neutron beta-decay.

R.C. Welsh Postdoctoral Research Fellow. Expertise in nuclear physics experiments, specifically:
tracking algorithms, data analysis, Monte Carlo simulations, data acquisition, on-line and
off-line data presentation. Experimental experience in heavy ion nuclear collisions (LBL-DLS,
BNL-878/896), deep inelastic scattering (SLAC-E154/E155), *He polarization techniques, and
medical imaging.

J. Zerger Graduate Student. Working with Drs. Chupp, Coulter and Welsh on novel devices for
polarizing ®*He with the spin exchange optical pumping method. Mr. Zerger was also an
Academic All American Football Player in College.

University of California, Berkeley

S.J. Freedman Professor. Actively involved in experimental tests of the Electroweak Standard
Model. Precision tests in nuclear and neutron beta decay. Searches for new particles and
unexpected phenomena.

B.K. Fujikawa Staff Member. Extensive experience in precision nuclear beta decay measurements:
partial lifetime of the super-allowed Fermi decay of 19C, '4C beta decay shape factor, and heavy
neutrino searches in 3°S beta decay. Symmetry tests: T-violation with polarized neutrons
(emiT). Experimental particle physics: neutrino oscillations (LAMPF E645).

National Institute of Standards and Technology

T.R. Gentile Staff Member. Development of neutron polarizers based on polarized *He, with
emphasis on the metastability-exchange optical pumping method; neutron tomography.

G.L. Jones Staff Member. While at Princeton, Gordon Jones measured the beta asymmetry of
19Ne as a search for right handed weak currents. Since 1996 he has worked at NIST where he has
continued to study the symmetries of the weak interaction as part of the emiT collaboration.
His primary work at NIST has been developing a polarized 3He neutron spin filter for cold
neutron beams at the NIST reactor.
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F.E. Wietfeldt Staff Member. Three years of experience with fundamental nuclear physics exper-
iments using polarized and unpolarized neutron beams at N.I.S.T. and the I.L.L. Participated
in measurements of the free neutron lifetime, PNC neutron spin rotation in liquid helium, time
reversal violation in neutron decay, and the neutrino-spin asymmetry coefficient in neutron de-
cay.

University of New Hampshire

M.B. Leuschner Research Assistant Professor. Experience in polarization and parity violation
experiments, including measurements with low energy neutrons and gamma ray asymmetries.
Development of techniques for polarizing noble gases via the spin-exchange method.

V.R. Pomeroy Graduate Student. Recent participation in low energy neutron physics program
at LANSCE. Development of polarized ®*He neutron spin filter. Extensive experience in spin-
exchange techniques for polarizing noble gases.

Kyoto University

A. Masaike Professor. Working in the wide field of elementary particle physics, in particular
precise test of symmetries, high energy spin physics, hyperon-nuclear interactions, high energy
astro-physics, etc.

Y. Matsuda Graduate Student. Recently completed a Ph.D. on the study of parity violation in
compound nuclear systems, carried out at LANSCE.

KEK National Laboratory

S. Ishimoto Staff Member. Active in the field of spin physics using polarized and liquid hydrogen
targets for more than twenty years. Participated in the study and development of the polarized
proton filter at KEK. Developed polarized proton and deuteron targets at KEK, LANL and
CERN. Developed several types liquid hydrogen targets at KEK.

Y. Masuda Staff Member. Precision tests of symmetry violation in the nucleus. Polarization of
neutrons and nuclei.

K. Morimoto Staff Member. Extensive experience in precision measurements.

Indiana University

C. Blessinger Graduate Student. Indiana/TUCF since summer 1997. M.S. in electrical engineer-
ing, Rose-Hulman 1996. Intended thesis: parity violation in @ + p — d + 7.

G. Hansen Graduate Student. Indiana/ITUCF since summer 1997. Working on development of
polarized *He neutron polarizers. Designing a Stern-Gerlach analyzer for polarized neutrons.

H. Nann Professor. Experience in Monte-Carlo simulations for nuclear and high energy physics,
magnet design, and low-energy neutron-induced reactions.
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D.R. Rich Graduate Student. Active in the Weak Interactions Group at IUCF since 1994. Con-
tributed to the measurement of parity violation in compound nuclear resonance scattering in
Xe. Recent concentration in the development of polarized He based neutron spin filters.

W.M. Snow Assistant Professor. Neutron weak interactions and neutron scattering. Measurement
of the decay rate of the neutron. Parity violation in the NN interaction. Development of
polarized 3He targets as neutron polarizers. Development of advanced methods in neutron
flux measurement

Joint Institute for Nuclear Research

E.I. Sharapov Staff Member. More than 30 years experience in the low energy neutron and
gamma-ray spectroscopy, (n,°He), (n,°Li), (n,"Li) reactions, (n,d) capture. Fundamental
symmetries with neutrons, participation in the first observation of parity violation in P-wave
resonances and in systematic studies of the weak matrix element in heavy nuclei.
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D Publications and Presentations

Papers

1. W.S. Wilburn and J.D. Bowman. Consistency of parity-violating pion-nucleon couplings ex-
tracted from measurements in 18F and 133Cs. Physical Review C. Accepted for publication.

2. W.M. Snow, W.S. Wilburn, J.D. Bowman, M.B. Leuschner, S.I. Penttild, V.R. Pomeroy, D.R.
Rich, E.I. Sharapov, and V. Yuan. Progress toward a new measurement of the parity violating
asymmetry in @ + p — d + . Submitted to Nuclear Instruments and Methods.

3. A. Cs6t6 and B.F. Gibson. Parity conserving v asymmetry in n-p radiative capture. Physical
Review C 56, 631 (1997).

Contributed Talks

1. W.S. Wilburn, J.D. Bowman, S.I. Penttild, V. Yuan, M.B. Leuschner, V.R. Pomeroy, D.R.
Rich, W.M. Snow, and E.I. Sharapov. Low-noise photocathode preamplifiers for measuring A,
in 7 +p — d + . Bulletin of the American Physical Society 42, 1667 (1997).

2. W.S. Wilburn and the npdg collaboration. A proposed experiment to measure A, in @i +p —
d+ vy at LANSCE. Bulletin of the American Physical Society, to appear.

3. C. Blessinger and the npdg collaboration. Parity violation in polarized neutron capture on
protons: Target and detector simulations. Bulletin of the American Physical Society, to appear.

4. W.M. Snow and the npdg collaboration. Parity violation in polarized neutron capture on
protons: An analysis of systematic effects. Bulletin of the American Physical Society, to
appear.

Seminars and Colloquia

1. J.D. Bowman. Parity violation in @i + p — d + 7. Technical Seminar. Los Alamos National
Laboratory, Los Alamos, NM. October 21, 1997.

2. J.D. Bowman. Parity violation in i + p — d + 7. Technical Seminar. Hebrew University,
Jerusalem, Israel. October 28, 1997.

3. J.D. Bowman. Parity violation in @i + p — d+~y. Technical Seminar. Tel Aviv University, Tel
Aviv, Israel. November 4, 1997.

4. W.S. Wilburn. The f, controversy: ‘8F, anapoles, and the future. Technical Seminar. National
Institute for Standards and Technology, Gaithersburg, MD. December 12, 1997.
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. J.D. Bowman. Measurement of the Parity-Violating Gamma Asymmetry A, ini+p — d+ 1.
Presentation to the Physics Division Advisory Committee. Los Alamos National Laboratory,
Los Alamos, NM. January 27, 1998.

. W.M. Snow. Weak interactions of low energy neutrons. Physics Department Colloquium.
University of New Hampshire, Durham, NH. February 4, 1998.

. W.S. Wilburn. The f, controversy: '8F, anapoles, and the future. Nuclear Physics Seminar.
Indiana University Cyclotron Facility, Bloomington, IN. February 20, 1998.

. J.D. Bowman. Parity Violation in the weak hadronic interaction, i + p — d + 7. Physics
Colloquium. Catholic University, Washington, DC. April 2, 1998.
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